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DECLARATION OF MAHENDRA S. RAO, M.D., PH.D. UNDER 37 C.F.R. §1.132 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

L MAHENDRA S. RAO, M.D., Ph.D., pursuant to 37 C.F.R. § 1.132, declare: 

1 . 1 received an MD. (MBBS) degree in Medicine from Bombay University, 
Bombay India and a Ph.D. degree in Medicine from California Institute of Technology in Pasadena, 
California. 

2. I am a Section Chief for the Stem Cell Unit at the Laboratory of Neuroscience, 
at N1A (National Institute on Aging), Triad Technology Center, 333 CasselJ Drive, Baltimore, MD 
21224: an Associate Professor of Neurosciences at Johns Hopkins University School of Medicine, 
Baltimore, MD 21224; and an Associale Professor at NCBS, Bangalore, India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 615 Arapeen Drive, 
Suite 102. Salt Lake City. Utah 84108. which I understand has an exclusive license under the present 
patent application. 
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4. I am familiar with the subject matter of the present patent application which I 
understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 
progenitor cells where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. l'NP2") is 
tianscriplionally active in all eells of the enruhed or purified preparation. 

5. 1 am a to-im entoj of'V.S. Patent No. 6.361.9% ("'996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. I present this 
declaration to demonstrate why the subject matter of the '9% Patent is very different from that of the 
present patent application. 

6. The "9% Patent disc loses multipotential neuroepithelial stem cells and lineage- 
restricted astrocyte/oligodendrocyte precursor cells. The astrocyte/oligodendrocyte precursor cells are 
derived from neuroepithelial stem c ells, are capable of self-renewal, and can differentiate into 
astrocytes and oligodendrocytes hut not neurons. The '996 Patent characterizes these cells as 
'tmijji]*nemial intermediate precursor cells restricted to glial lineages" (emphasis added)(coJumn 23, 
lines 1-5). Similarly, my paper Rao. et. al.. "Glial-Restricted Precursors are Derived From 
Multipotential Neuroepithelial Sum Cells.- fkvel. Biol. 188: 48-63 (1997) clearly demonstrates that 
such A2B5+/NCAM cells are capable of generating both astrocytes and oligodendrocytes and do not 
appear committed to the oligodendrocyte lineage. The *996 Paient's astrocyte/oligodendrocyte 
precursor cells are in a less differentiated state than the oligodendrocyte progenitor cells of the present 
patent application and. therefore, are very different from the cells described in this present application. 

7. Differences in the method, time of isolation, and propagation should also be 
noted. The cells in the present application were derived from the adult brain using a promoter reporter 
based strategy where the CNP2 promoter directed expression of green fluorescent protein. On the 
other hand, the astrocyte/oligodendrocyte precursor cells of the '996 Patent were derived from fetal 
and neonatal tissue using cell surface antigen expression and fluorescence based antibody capture. No 
strategy of using CNP2 (a cyctopiasmic marker) expression, a CNP2 promoter, or a related promoter 
reporter strategy is described in the '996 Patent. 

8. The '996 Patent is directed to the enrichment of glial progenitor cells from 

newborn rat brain. Newborns have an abundant population of still-developing oligodendrocyte 

progenitor cells that may constitute a significant fraction of all of the cells in neonatal brain tissue. 

Yakovlev. et. al., "A Stochastic Model of Brain Cell Differentiation in Tissue Culture." J Math Biol.. 

37(l}:49-60 (1 998)(Appendix 1); Bogler et. al., "Measurement of Time in OJigodendrocyte-type-2 
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Astrocyte (0-2A ) Ptogenitors is a Cellular Process Distinct from Differentiation or Division," Dev 
Biol , 162(2):525-38 (1994 }( Appendix 2): Raff ct. al., "Platelet-derived Growth Factor From 
Astrocytes Dtivcs the Clock Thai I imes Oligodendrocyte Development in Culture." Nature 
i3~i(6l 73). 562-65 ( I 9X8)< Appendix 3) describe cell cycle changes as glial progenitor cells mature. 
They .'bowed that adult cells differ in then cell ode time and the number of dnisions before they will 
become postmitotic. "Hie pi c sent patent application discloses this for adult human-derived cells. In 
addition, adult-derived human oligodendrocyte progenitor cells differentiate as oligodendrocytes and 
product* myelin much more quickly than do fetal or neonatal oligodendrocyte progenitor cells. In 
particular, as teccntly reported in N lines et al.. "Identification and Isolation of Multipotent Neural 
Progenitor Cells horn die Subcortical White Matter of the Adult Human Bviin.".\ : uiure Medicine 
4:239-247 (2003) (Appendix 4) and Windrem et al., "Fetal and Adult Human Oligodendrocyte 
Piogcmtor Cell Isolates Myelinate the Coiigemtally D> smyelinated Brain," Suture Medicine 10:93-97 
(2004) (Appendix 5). adult-demed oligodendrocyte progenitor cells not only myelinate much more 
rapidly than do fetal oligodendrocyte progenitors, but they do so more efficiently, with a higher 
proportion exhibiting effect i\e myelin production, and myelinating a greater number of neuronal 
axons per donor cell than their fetal-derived counterparts. Adult cells are thus fundamentallv more 
biased towards generating oligodendrocytes, towards maturing to express myelin proteins, and 
towards myelinating host axons. Moreo\er. adult cells execute all of these functions, and achieve each 
of these cellular milestones, much more quickly than fetal cells. As a result, they lend themselves to a 
\ery different set of potential clinical targets than fetal or neonatal-derived progenitors, as recently 
reported in Roy et al., "Progenitor Cells of the Adult Human Subcortical White Matter In: Myelin 
Biology and Disorders, vol. 1. R, Lazyarini. ed. HlsevierAmslerdam. pp. 259-287 (2004) (Appendix 
6). The adult oligodendrocyte progenitor cells of the present application are thus fundamentally 
different from the fetal or neonatal-derived astrocyte/oligodendrocyte precursor cells of the '996 
Patent. 

9. I hereby declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 



punishahle by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and ihal .Midi willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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SECOND DECLARATION OF MAHENDRA S. RAO, M.D., FRD. 
UNDER 37 C.F.R. 91132 

Commissioner for Patents 

P.O. Box 1430 

Alexandria, VA 223l3-14.<50 

Dear Sin 

I, MAHKNDRA S. RAO, M.D.. Ph.D., pursuant to 37 C.F.R. § 1.132, declare: 

1 . I received an M.D. (MBBS) degree in Medicine from Bom hay University. 
Bombay India and a Ph.D. degree in Medicine from California Institute of Technology in 
Pasadena, California. 

2. I am a Section Chief for the Stem Cell Unit at the Laboratory of 
Neurosciencc, at NLA (National Institute on Aging). Triad Technology Center, 33.1 CasseJ! Drive. 
Baltimore, MD 21 224; an Associate Professor of Neuroscienccs at Johns Hopkins University 
School of Medicine, Baltimore, MD 21224; and an Associate Professor at NCBS, Bangalore, 
India. 

3. I am a founder of and shareholder in Q Therapeutics, Inc., 61 5 Arapecn 
Drive, Suite 102, Salt l-ake City, Utah 84108, which I understand has an exclusive license under 
the present patent application. 

4. I am familiar with the subject matter of the present patent application which 
I understand is directed to an enriched or purified preparation of human mitotic oligodendrocyte 
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progcnitof l'.c'Ls where the cyclic nucleotide phosphodiesterase 2 promoter (i.e. CNP2) is 
transcriptionally active in all cells of the enriched or purified preparation. 

5. I am a comventor of U S Patent No. <>,361 ,996 ('"996 Patent"), which I 
understand has been used as a basis for rejecting claims in the above application. 1 present this 
declaration to demonstrate why the subject matter of the '996 Patent is very - different f-om that of 
the present patent application. 

(S. The '996 Patent discloses multipotential neuroepithelial stem cells and 
lineage- restricted astrocyte/oligodendrocyte piecursor cells. The astrocyte/oligodendrocyte 
precursor cells are derived from neuroepithelial stem ceils, are capable of seif-rcncwal, and can 
differentiate into astrocytes and oligodendrocytes but not neurons. The '996 Patent characterizes 
these cells as "m ultipoten tial intermediate precursor cells restricted to glial lineages" (emphasis 
addcdXcolumn 23, lines 1-5). Similarly, my paper Rao, et al., "Glial Restricted Precursors are 
Derived From Multipotential Neuroepithelial Stem Cells." Devel. Biol. 188: 48-63 (1997) clearly 
demonstrates that such A2B5+/NCAM- cells arc capable of generating both astrocytes and 
oligodendrocytes and do not appear committed to the oligodendrocyte lineage. The '996 Patent's 
astrocyte/oligodendrocyte precursor cells are in a Jess differentiated state than the oligodendrocyte 
progenitor cells of the present potent application and, therefore, are very different from the cells 
described in this present application. 

7, As shown in Figures 1 -2 of the '996 Patent, the astrocyte/oligodendrocyte 
precursor cells 14 and 54. respectively, differentiate directly into two cell types - i.e. of astrocytes 
and oligodendrocytes. We also know from clonal analysis that there is a homogeneous population 
of astrocyte/oligodendrocyte precursor cells in which individual cells generate oligodendrocytes 
and two kinds of astrocytes by the process described in the '996 Patent. It is important to note 
that multiple pathways to generate post-mitotic, mature oligodendrocytes, have been described. 
Anderson and colleagues have shown that an oligodcndrocyte/motarncuron precursor exists that 
does not make astrocyte* (Zhou et al., "The bHLH Transcription Factors OLK32 and OLIG I 
Couple Neuronal and Glial Subtype Specification," Cell 109:61-73 (2002) (attached hereto as 
Exhibit 1 )). Other investigators have shown distinct sites of origin of digodendrocytes and 
astrocytes presumably from separate precursors (Vallstedt et al., "Multiple Dorsovenrral Origins of 
Oligodendrocyte Generation in the Spinal Cord and Hindbrain." Neuron 45:55-67 (2005) (attached 
hereto as Exhibit 2) and Cai et al., "Generation of Oligodendrocyte Precursor Cells from Mouse 
Dorsal Spinal Cord Independent of Nkx6 Regulation and Shh Signaling," Neuron 45:41-53 (2005) 
(attached hereto as Exhibit 3)). Yet other investigators have shown that different kinds of 
oligodendrocyte progenitors exist (Pringfc et al.. "Fgfr3 Expression by Astrocytes and Their 
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Precuisors: Rvidence thai Astrocytes and Oligodendrocytes Originate in Distinct Neuroepithelial 
Domains," Development 1 30:93-102 (2003) (attache*.) hereto as Exhibit 4)). We are not aware of 
any evidence tliat the astrocyte/oligodendrocyte precursor eel's of the '996 Patent generated 
mature oligodendrocyte? by way of an intermediate oligodendrocyic-specific precursor. Indeed, 
Gregori er al., "The Tri potential Glial-Rcstricted Precursor (GRP) Tell and Glial Development in 
the Spinal Cord: Generation of Bipotemial Oligodendnjcyte-Type- 2 Astrocyte Progenitor Cells 
and Dorsal -Ventral Differences in GRP Cell Function," J. Ncurtisci. 22(l):248-256 (2002) 
Cattached hereto as Exhibit 3) have suggested that the '996 patent describes u glial progenitor that 
gives rise to a more restricted Astrocyte/oligodendrocyte precursor that still directly makes 
predominantly astrocytes and a small minority of oligodendrocytes. Thus, cells in the '996 
Patent's pathway to oligodendrocyte production are bi-potential astrocyte/oligodendrocyte 
progenitor cells thai have strong astrocytic bias. These cell types are very different from the 
oligodendrocyte ■specified progenitor cells of the present application. 

8. I hereby declare that all statements made herein of my own knowledge arc 
true and that all statements made on information and belief arc believed to be true; and further that 
these statements uere made with the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under Section 1 001 of Title 1 8 of the United 
States Code, and that such willful false statements may jeopardize tie validity of the application or 
any patent issuing thereon. 



4^r 




MafcrdrduSrltao MD., Ph.D. 
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The Tripotential Glial-Restricted Precursor (GRP) Cell and Glial 
Development in the Spinal Cord: Generation of Bipotential 
Oligodendrocyte-Type-2 Astrocyte Progenitor Cells and 
Dorsal-Ventral Differences in GRP Cell Function 

Ninel GregorV* Christoph Prdschel, '* Mar* Nobler and Margot Mayer- Proscher* 

'Untvarsity of Utah Scftoo/ of Medicine, Salt I ake City, Utah 84132, and ^Center for Cancer Biokm University of 
Rochester Medical Center, Rochester, New York 14642 



We have found that the tripotential glial-restricted precursor 
(GRP) cell of the embryonic rat spinal cord can give rise m vitro 
to bipotential cells that express defining characteristics of 
oligodendrocyte-type-2 astrocyte progenitor cells <02A/OPCs) 
Generation of 02A/OPCs is regulated by environmental signals 
and is promoted by platelet -derived growth factor (PDGF), 
thyroid hormone (TH) and astrocyte-conditioned medium. In 
contrast to multiple observations indicating that oligodendro- 
cyte precursor cells in the embryonic day 14 (E14) spinal cord 
are ventrally restricted, GRP cells are already present in both 
the dorsal and ventral spinal cord at E13.5. Ventral derived 
GRP cells, however, were more likely to generate 02A/OPCs 
and/or oligodendrocytes than were their dorsal counterparts 
when exposed to TH, PDGF, or even bone morphogenetic 



protein-4. The simplest explanation of our results is that oligo- 
dendrocyte generation occurs as a result of generation of GRP 
cells from totipotent neuroepithelial stem cells, of 02A/0PCs 
from GRP colls and, finally, of oligodendrocytes from 02A/ 
OPCs. In this respect, the responsiveness of GRP cells to 
modulators of this process may represent a central control 
point in the initiation of this critical developmental sequence. 
Our findings provide an integration between the earliest known 
glial precursors and the well-studied 02A/OPCS while opening 
up new questions concerning the intricate spatial and temporal 
regulation of precursor cell differentiation in the CNS. 

Key words: glial- restricted precursor cell; GRP cell; oligoden- 
drocyte; 02A progenitor cell; OPCs; spinal cord development; 
ventral origin; neuroepithelial stem cells 



Understanding how ihe differentiated cell types of the body a/c 
generated is a central challenge in developmental biology. Mul- 
tiple components contribute to this pax-ess, including signaling 
molecules and transcription factors that cause precursor cells to 
progress along different developmental pathways. Central to un- 
derstanding cell generation, however, is identification of the pie- 
cursor cell from which a given cell type arises, for it is the specific 
precursor cell that represents the actual target for exogenous 
influences. 

I he creation of specific precursor cells and differentiated cell 
types proceeds through a sequence of lineage restrictions but also 
may involve a phenomenon of lineage convergence. Through 
lineage restriction, the totipotent stem cells of the earliest embryo 
generate progeny that are more restricted in the range of cell 
types they generate. For example, totipotent embryonic stem cells 
give rise to tissue-specific stem cells. Tissue-specific stem cells 
proceed to produce differentiated cell types via intermediate 
lineage-restricted precursor cells. These lineage-restricted precur- 
sor cells ultimately generate a subset of the differentiated cell types 
in a particular tissue. Lineage restriction is complemented in de- 
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velopment by the process of lineage convergence, by which differ- 
ent lineages give rise to the same cell type. One example of such 
convergence is seen in the formation of cartilage from both mes- 
enchymal and cranial neural crest lineage (Baroffio ct al., 1991). 

Studies on CNS development are revealing a rich diversity of 
precursor cells that can give rise to the same cell type, particularly 
with respect to glial development. For example, it is well estab- 
lished that oligodendrocytes can be generated from oligoden- 
drocyte-typc-2 astrocyte progenitor cells (Raff ct al., 19«3; Skoff 
and Knapp, 1991), which also are refened to as oligodendrocyte 
precursor cells (Raff et al.. 1983, Skoff and Knapp, 1991) and 
abbreviated here as 02A/OPCs. More recent studies on embry- 
onic rat spinal cord have led to the isolation of a new and distinct 
population, called tripotential glial-restricted precursor (GRP) 
cells, that also can generate oligodendrocytes in vim and in vivo 
(Rao et al., 1998; I lerrera ct al., 2001). GRP cells and 02A/OPCs 
differ in several characteristics. For example, GRP cells and 
02A,OPCs differ in their responses to mitogens, survival factors, 
and inducers of differentiation (Rao ct al., 1998). GRP cells and 
OM/OPCs also express distinct differentiation potentials in vitro: 
GRP cells arc able to generate oligodendrocytes and two distinct 
astrocyte populations, whereas ()2A/OPCs can generate oligo- 
dendrocytes and only one kind of astrocyte. Moreover. GRP cells 
readily generate astrocytes when transplanted into Ihe neonatal 
or adult brain (Herrera et al., 2001), a cell type not generated 
from primary 02A/OPCs, after transplantation into the normal 
CNS (Espinosa de los Monteros et al., 1993). 

Several critical questions arise from the fact that it now is 
possible to isolate two distinct precursor cell populations (i.e., 
GRP cells and 02A,OPCs) from the developing animal, each of 
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which can generate »%xIciu1i<h. ytes Is ilic icUionship between 
these two populations one .it lineage restiution or lineage conver- 
gence? If GRP cells and <)2A.'OI>Cs are related, what signals 
promote the generation of one Imrn the other and how can the 
existence of both populations be inlegi.ilcd with existing studies on 
the generation of oligodendrocytes during spinal cord development? 
MATERIALS AND METHODS 

Cell culture. A2H5 ' GRP .ells were isolated 'mm embryonic day 1.15 
(I--I3.S) Sprague Dawley rat spinal cords by positive selection on immu- 
cuaud with A2B5 antibody (Rao el al , 1998). GRP 
in the presents of 10 ng.ml basic FOF (bFOF) and 
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'; Brunell et a; 



nopanning dishes a 
celts were then grown i 
"catcd supplemi 



.atcd c. 



irslips at 3000 cclls/w< 



coaled grid dishes toi clonal analysis. (. ultuics weic led every other day 
with the factors indicated. At the end of the experiment, cells were 
stained with IM (Summer and Schachnei, 1981) or A2B5 antibodies to 
detect piecursor cells, anti galaclocercbroside (Gait:) antibody (Gaid 
and Pfeiffer, 1990; Gard et al., 1«) to identify oligodendrocytes, and 
anli Gl AP antiserum to ulenlify astrocytes (Norton and Farooq, 1993; 
Moriia et al., 1997; Gomes el al.. IW) followed by app.op.iate 
fluorochrome-conjugated secondary antibodies (Southern Hiotechnol- 
ogy, Birmingham, AL). The number of cells of each type televant to each 
experiment was calculated, as was the total cell number. As originally 
defined, OFAP 1 cells were scored as type 2 astrocytes d they were 
stellate and A2H5 * and as type 1 astrocytes if they were fibroblast-like in 
morphology and were A2B5 

Rationale for ux of the 04 antibody m analyzing generation of ()2AI 
OPCsfmm <iRP cells. To determine whether one cell type gives rise to 
is useful to identify a marker that is expressed by one cell type 

JH by the other, ["his is particularly problematic for analysis of GRP 

cells and 02A.OPC*. Freshly isolated GRP and 02A/OPCs both label 
with the A2B5 monoclonal antibody. We have shown previously that 
GRP cells tan express receptors for platelet derived growth factor 
(PDGP) without losing their tripolentiah'ty (Rao et al., 1998). Our 
ongoing studies have revealed that liipotenlial GRP cells also label with 
anu-GD3 and anti-NG-2 antibodies (C. ProscheL D. Gass, and M. Mayer- 
Proschel, unpublished obscivalions) I hus, none of these markers, which 
have been used by many others to study development of OZA.'OPCj 
(Hart et aL, 1989; Yim et al, 1995; Nishiyama et al., 19%), allow a 
distinction to be made between ORP celts and 02A/OPCs. 

At this stage, the only remaining candidate marker for investigating 
whether GRP cells can generate f>2A/OPf's is the 04 monoclonal 
antibody (Sonimer and Schachner, 1981). This antibody can be used to 
define a secondary stage of 02A/OPC development, in which 
A2B5-04" OZA/OPCsgive rise lo cells that are A2B5 * and also 04 \ 
I he great majority of (J2A*;PCs isolated from the p7 optic nerve are 
04* (M.Noble, unpublished obseivatmns), whereas* iKP cells are 04 
( Rao and Mayer Ptoschel, 1997; Rao et al., 1998). In addition, it has been 
shown that development of GalC ' oligodendrocytes in the 02A/OPC 
lineage is preceded by the appearance of cells that are OA ' but GalC 
( Schachner « al, I98U; Summer and Schachner, 1981; Bansalal al. 1980- 
Gard and Pfciffer, 1990. 1993). fritically, 04 "GalC cells isolated from 
many regions of the postnatal CSS. including spinal cord, are bipolenlial 



*. et al.. 04 • < ialC cells also can be induced to prolifera 

•m and in ihis lespect are not terminally differentiated (Small et al., 
; 1 rotlei el al, 1989; Gaid and Pfeiffer, 1990; Reynolds and Wilkin! 
; Warrington and Pfeiffer. 1 192; Avossa and Pfeiffer, 1993; Barnetl et 
993; Gard et al, 1995) Thus, although some authors have preferred 
nsider CM 'GalC cells (isolated from postnatal animals or derived 
,. ( . > 3 A '°!! rs) , as . more . oomn "" e < 1 "oligodendroblasts," the 
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, ^potentiality m vara and ability to divide) lhat at. 

lant m defining a cell as being a hipoteiilial OiA/OPC. 

Clonal analysis ,jf E13.S GRP cell derived W cells. We confirmed the 
differentiation potential of a cell by clonal differentiation analysis, as used 
in our previous studies on GRP cells (Rao and Mayer Ptoschel. 1997; 
Rao el al, 1998) and extensive studies on U2A/OPCs (Ibarrola et aL,' 
1996; Smith et al , 2000); this is the only technique that allows the 

biguously ascertained. The basic strategy used to conduct such analyses 
in the present studies was as follows: GRP cells were isolated from E13S 
spinal cord as described previously and grown either for 24 hr or for 21 d 
in the presence of bFGF (10 ng/ml) before being exposed to the condi- 
tion most effective at generating 04 * GalC cells (i.e., chemically de- 
fined medium supplemented with 10 ng/ral PDGF-A chain homodiraer; 
Peprotech, Rocky Hill, NJ) and thyroid hormone (TH; Sigma, St. Louis, 
MO). It is critical to note lhat GRP cells grown for 24 hr in FOF do not 
express PDGF receptor a (PDGFR a), wheieas long-term cultured GRP 
cells express this receptor. We have determined that when grown in the 
presence of FGF. GRP cells remain tripotential regardless of their 
PrXrr- receptor status (Rao el al, 1998). After periods of additional in 
van growth indicated in Results, cultures were labeled with both 04 and 
antj GalC antibodies, folkiwcd by appropriate fluorescein and rhodamine- 
conjugated secondary antibodies. Fluorescence-activated cell sorting was 
then used to obtain populations of 04 *GalC ' cells. 04 ' GalC ~ cells were 
plated at clonal density and single 04 *GalC ' cells were identified and 
circled. Cells were induced to divide for 5 d (in PDGF/bFOF at 10 ng/ml), 
and clones were switched to PDGF plus TH or 10% FCS when they 
reached a density of 5-10 cells. After 10 or 3 d, respectively, clones were 
stained with the A2B5, anti-GFAP, and anli-GalC antibodies. Control cells 
were switched to PDGF plus TH or 11/7= I CS without previous prolifera- 
tion and stained after an additional 10 and 3 d, respectively. The results of 
our clonal analyses are shown in fables 1 and 2. 

Immunastawmg of clones. Staining procedures were as described pre- 
viously (Rao and Mayer-ProscheL 1997). Ilriefly, the A2B5 and anti-OalC 
antibodies were grown as hybridoma supernalants (American Type 
Culture Collection. Manassas, VA) and used at a dilution of 1:2. The OA 
hybridoma cell line was a generous gift from I Ise Sommcr (University of 
Glasgow, Glasgow, UK), and its supernatant was also used at a 1:2 
dilution. Anti-GFAP (polyclonal, rabbit anti-cow; purchased from Dako, 
Glostrup, Denmark) was used at a 1: 100 dilution and applied overnight. 
All secondary antibodies [i.e., goat anti-mouse IgM-biotin, [gG3- 
tetramethylrhodamine B iurfhiocyanate, goat- anti-rabbit Ig <heavy and 
light chain)-FI TC (Southern Biotechnology), and streptavidin (Molecu- 
lar Probes, Eugene, OR)| were used at a 1:100 dilution. Anti-NG2 
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RESULTS 

Tripotential GRP cells, which are 04 colls, generate 
bipotential 04 + GalC cells when grown in the 
presence of PDGF and thyroid hormone 

The fiisl question we addressed was whether tripotential GRP 
tells can generate cells with the antigenic and differentiation 
diaiaclcristics of bipolcntial 02A'OPCs. This question was, in- 
vestigated by a combined analysis of antigen expression and of 
differcnliation potential at the clonal level. The requirement to 
use (he 04 antibody (Sommer and Schachner, 1981) as a potential 
marker of 02A/OPCs is explained in Materials and Methods. 
Hiiefly, both GRP cells and O2A/OP0s label with the A2B5 
antibody, the NG-2 antibody (Stallcup and Heasley, 1987), and the 
anti-GD3 antibody (Seyfricu and Yu, 1985), and both populations 
can express PDGF receptors while maintaining their character- 
istic differentiation potential. Thus, of all of the markers that have 
been used to study the ancestors of oligodendrocytes, it was only 
the 04 antibody that remained potentially useful in this context. 
We designed experiments that would allow us to answer the 
following questions: (t) arc there in vitro growth conditions that 
promote the genetation of 04 * GalC " cells from 04 GRP cells, 
and (2) do GRP cell-derived 04 'GalC cells still behave like 
tripotential GRP cells or do they now behave like bipotential 
CXZA/OPCs? 

We first examined the effects on GRP cells of a wide variety of 
conditions (sec Materials and Methods) shown previously to 
induce generation of oligodendrocytes in cultures of 02A/'OPCs, 
Although astrocyte-condilioned medium in combination with TH 
was the most effective condition for inducing the appearance of 
oligodendrocytes ovei a 3 d lime period (data not shown), it was 
growth in the presence of I GF plus PDGF plus TH that was 
associated with the geneiation of the greatest proportion of 
04 ' GalC - cells. 

In cultures of fleshly isolated GRP cells thai were grown for 24 
hr in the presence of FGF and (hen additionally exposed to 
PDGF plus TH (with FGF still present), 78 * 9% of the cells 
were 04 "GalC after 3 d in culture. In addition, we noticed that 
20 ± 5% of all cells were 04 GalC - oligodendrocytes and a 
small percentage (2 I 0.7%) of cells represented GFAP * astro- 



cytes. We never observed ihe appeal ancc of any cells that were 
GalC * but 04 , consistent with previous observations that pas- 
sage through an 04 * stage is icquired before Ihe expression of 
GalC immunoreactivity (Schachner et al., 1981; Sommer and 
.Schachner, 1981; Hansal el al., 1989; Gard and Pfciffer, 1990, 
1993). GRP cell cultures that were grown in the presence of FGF 
alone contained no 04 ' cells, and previous studies have demon- 
strated that GRP cells expanded in this manner retain the ability 
to gcneiale oligodendrocytes, type-1 astrocytes, and lype-2 

Although previous studies have shown that 04*GalC cells 
isolated from postnatal animals or derived from bipotential 02A/ 
OPCs are bipotential in vitro (Tiotter and Schachner, 1989; Bar- 
nett e( al., 1993; Grzcnkowski et al., 1999), it cannot be assumed 
lhat such differentiation characteristics necessarily apply to 
04*GalC~ cells derived from tripotential GRP cells. To deter- 
mine the diffeientiation potential of GRP cell-derived 
04 "GalC cells, we cultured expanded GRP cells in the pres- 
ence of FGF for several days, grew them in the additional pres- 
ence of PD< IF plus TH for 3 more days, purified ihe 04 * GalC 
cells, and analyzed their differentiation potential in clonal cul- 
tures. Hxtcnding the previous expansion period in FGF in this 
manner resulted in a higher percentage of the cells in the culture 
remaining 04 "", thus allowing the study of this population also. 

Cloned 04 ' GalC cells derived from GRP cells expressed the 
bipotential differentiation characteristics associated with 02A/ 
OPCs. When grown in conditions that induced generation of 
astrocytes, 04 'GalC" cells derived from GRP cells exhibited 
the typical differentiation response of 02A/OPCs. In the pres- 
ence of 10% FCS, the only astrocytes generated in 21 of 22 clones 
derived from C>4 "GalC cells were type-2 astrocytes (i.e., 
A2H5 "GFAP * stellate cells; [able I and Fig. I A). Only one 
clone generated typc-l-like astrocytes (i.e., A2B5 GFAP * cells 
with a fibroblast-like morphology), a frequency low enough to be 
consistent with the possibility that this one clone had been mis- 
labeled at the beginning of the experiment. This outcome was 
very different from that obtained with GRP cells themselves, 
clones of which generate a combination of type-1 and typc-2 
aslrocytes in these conditions (Rao et al., 1998). Moreover, the 
04 GalC" cells that remained after the purification process 
were still tripotential, emphasizing that the acquisition of bipo- 
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/%u« /. GRP-derfved CM * cells ire bi- 
potentiai and tcprocnt OZA/OPC-like 
cell*. Frailly isolated GRP cells were 
grown for J weeks in defined medium in 
the pretence of bFGF and then twitched to 
a medium supplemented with bFGF and 
TH; »fter 5 d. cultures were ttained with 
the G>4 antibody (tee Materafa end Meth- 
odi). Celk were then dislodged from the 
surface and plated at clonal density in pory- 
L-rysine-coated disbet. Single CM* cells 
were circled. After 3 d in culture, celk w« 
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tentiaiity wu a specific event and not merely associated with 
aging, even in conditions that promote the transition to a bipo- 
tential phenotype. When grown in toe presence of 10% FCS, 
04 "GalC * cells generated clones containing a mixture of type-1 
and type-2 astrocytes (Table 1 and Fig. IB), and thus behaved as 
GRP cells. In contrast to this difference with respect to astrocyte 
induction, both 04 + GalC~ and CM-GaJC" cell-derived clones 
contained oligodendrocytes when grown in the presence of 
PDGF plus TH 

The simplest explanation of the data obtained in the above 
experiments is that GRP cells can generate 04*GalC~ cells that 
exhibit in vitro the defining bipotentiai differentiation restriction 
of 02A/OPCs. The results also indicate that generation of such 
bipotentiai cells is an environmentally regulated differentiation 
event, for which PDGF and TH represent potent inducing agents. 
GRP call* can ba isolated from both ventral and dorsal 
E13.5 spinal cord 

A critical component of the current understanding of oligoden- 
drocyte development in vivo is that specific precursor cells for 
oligodendrocytes first appear in the ventral spinal cord (Warf et 
al.. 1991, Pringle and Richardson, 1993; Fok-Seang and Miller, 



bFGF and 10% FCS. (Parallel e> r 
using BMP4 instead of FCS yielded iden- 
tical results.) After 5 d, clones were tuined 
with AZB5 (rhodamine), anli-CFAP (fluo- 
rescein), and anU-OilC (ooumarra) anti- 
bodies. The co 

GalC* • 

A, Clone derived front a single CM ^GeKT 
cell. The progeny from CM * founder celb 
consists exclusively of A2B5A3FAP doubie- 
potitlve celk, consistent with the antigenic 
Pbenotype of type-2 astrocytes. B, Clone 
derived from a angle CM GarC " cell. Tbe 
progeny from CM ' founder cells coasitts of 
A2B5/CFAP double-positive type-2 astro- 
cytes and A2B5 "GFAP * cells, represent- 
ing type-1 astrocytes (indicated by arrows). 

1994; Timsk et al., 1995; Hall et al., 1996; Miller, 1996; Rogister 
et al., 1999; Richardson et al., 2000; Spassky et al.. 2000). We 
subsequently determined whether GRP cells are selectively local- 
ized in the ventral spinal cord at or before the time when putative 
oligodendrocyte precursor cells first appear ventraliy. Because 
previous studies have shown that GRP cells are already present at 
E13.5 (Rao et al., 1998), we rnicrodissected dorsal and ventral 
portions of the E13.5 cord to determine the regional distribution 
of GRP cells; this is a half day earlier than the earliest reported 
appearance of specific oligodendrocyte precursor cells, as denned 
by expression of the PDGF receptor (Hall et al., 1996). Freshly 
isolated cells from dorsal and ventral cord were immunolabeled 
with A2B5 antibody, purified by fluorescence-activated cell sort- 
ing, and plated at clonal density on grid dishes in different 
conditions as described below. In three independent experiments, 
the dorsal spinal cord consistently contained an average of 19 ± 
8% A2B5 * cells, whereas the ventral portion contained an aver- 
age of 52 ± 7% A2B5* cells. Thus, although the ventral cord 
cpn'fin^ a higher proportion of A2B5 * cclls than didjhe.dotsaj 
cord, such cells were found in both regions of the cord. 
To determine whether dorsal- and ventral-derived A2B5 * cells 
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were GRP celts, the A2B5* clones were first grown in the 
presence of bFGF until they reached a ike of 10-20 cells. 
Astrocytic differentiation was then induced by exposing cultures 
for 3 d to 10% FCS. All clones contained both A2B5 "GFAP * 
type-1 astrocytes and A2B5 *GFAP* type-2 astrocytes indepen- 
dent of their site of isolation. Thus, these cells were typical of 
GRP cells in their ability to generate two distinct astrocyte 
populations. Generation of oligodendrocytes was also possible 
with both ventral, and dorsal-derived cells, as discussed in the 
following section. 

?F„ P . C# "? d****** fr«n both the vsntral and dorsal 
£134 spina! cord can garwrate 02A/OPCs, 
oligodsndrocytsa, and astrocytes 

Because expression of PDGF receptor-o in the E14 spinal cord 
has been interpreted to be an indication of a preferential ventral 
origin of oligodendrocytes (Pringks and Richardson, 1993; Hall et 
al., 1996), we asked whether ventral- and dorsal-derived GRP 
cells differed in their ability to generate 02A/OPCs and/or oli- 
godendrocytes. GRP cells were isolated from ventral or dorsal 
E13.5 spinal cord as described in the preceding section. Freshly 
isolated cells were plated at a low density on coverslips in the 
presence of FGF and exposed to conditions (PDGF plus TH) that 
would induce the transition into 02A/OPO (as determined 
previously) or to conditions that would potentially inhibit a tran- 
sition into 02A/OPCs. As a potential inhibitor molecule, we used 
bone morphogenetie protein-4 (BMP4), which has been shown to 
inhibit oligodendrocyte generation (Mabie et al., 1997; Grinspan 
et al., 2000; Mehler et al., 2000; Zhu et al., 2000) and is present 
in the embryonic neural tube (D'Afcssandro and Wang, 1994; 
Barth et al., 1999; Grinspan et al., 2000; Liem et al., 2000). After 
3 d of in vitro growth in the condition discussed, ceils were stained 
with the 04 monoclonal antibody and with anti-GaiC and anti- 
GFAP antibodies. 

to the presence of PDGF and TH, cells from both the dorsal 
and ventral spinal cord were able to generate 04*GalC~ cells 
with equal frequencies but differed with respect to oligodendro- 
cyte generation (Fig. 2). Specifically, 88 ± 6% of dorsal-derived 
cells were 04*GalC-, 3 ± 2% were GalC* oligodendrocytes, 
and 3 ± 2% were GFAP* astrocytes. In contrast, 74 ± 9% of 
ventral-derived cells were 04*GalC~, 28 + 5% were GalC* 
oligodendrocytes, and 2 ± 1% were GFAP* astrocytes. Thus, 
although both dorsal and ventral cells were able to generate 
02A/OPCS, only ventral-derived cells generated a significant 
number of GalC* oligodendrocytes over a 5 d time period. The 
lade of oligodendrocytes in dorsal cultures is not likely 




cell types 

Figure 1 Both dorsal- and ventral-derived GRP celk generate 
04 GalC- cell*. A2B5* celk were isolated from either the dorsal or 
ventral spinal cord of E13J rat embryos and plated in the presence of 
bFGF supplemented with PDOF plus TH (P + TH) for 7 d Dorsal and 
ventral cultures were then stained with 04, inli-CaJC, and antiOFAP 
uBothdc— 1 



ble numbers of 04* precursor cells. However, GalC* oligodendrocyte* 
were round predominantly in ventral-derived GRP cell cultures. Only a 
n of boih dorsal and ventral cultures gave rise to GFAP* 
~" ' ' * ' X data points for 



. — that only in dorsal- 
derived cultures did these numbers increase over the next several 
days (as discussed in the following paragraph). The addition of 10 
ng/ml BMP had an identical effect on ventral and dorsal cells 
(48 + 3% and 54 ± 7% astrocytes, respectively). The most 
dramatic difference between ventral and dorsal cells was observed 
at high BMP doses (100 ng/ml). In this condition, ventral cells 
responded with cell death rather than cell differentiation, to 
contrast, dorsal-derived GRP cells differentiated almost com- 
pletely into astrocytes when exposed to 100 ng/ml BMP4. 

Because BMP4 at 1 ng/ml revealed differences between dorsal- 
and ventral-derived GRP cells in the absence of toxicity, we 
subsequently examined the generation of 04 * GalC " cells in this 
culture condition (Fig. AA). Cells were plated at a low density on 
coverslips in the presence of FGF and BMP4 (1 ng/ml) and 
after 7 d to allow for the generation of 04 * GalC ~ cells 
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t 38. respectively). In addition, dorsal-derived cells demon- 
strated an equal ability to eventually generate oligodendrocytes. 
If cultures were examined after 10 d in the presence of TH, 
instead of after 5 d, then 69 ± 15% of the ventral cells and 73 ± 
3% of dorsal cells were oligodendrocytes (data not shown). 

Differences between dorsal- and ventral-derived GRP cells 
were also observed in response to BMP4. When dorsal- or 
ventral-derived GRP cells were grown in the presence of BMP4 
in concentrations ranging from 1 to 100 ng/ml over 3 d, we 
observed that BMP4 promoted the generation of astrocytes in 
both dorsal and ventral cells (Fig. 3). At a tow BMP concentration 
(1 ng/ml), ventral cells were more likely to differentiate into 
astrocytes than were dorsal cells (45 + 4% vs 14 + 4%; respec- 
tively). The preferential generation of GFAP * cells in ventral 



entiated into GFAP * astrocytes, and only 12 ± 7% of the cells 
were 04*GalC~. We did not observe any GalC* oligodendro- 
cytes in these cultures. Li contrast, when ventral-derived cells 
were exposed to 1 ng/ml BMP for 7 d, 47 i 8% differentiated into 
astrocytes (as observed for 3 d time point discussed previously) 
and 52 ± 7% of the cultures consisted of 04 *GalC ~ cells. Again, 
we did not observe any GalC* oligodendrocytes. Thus, BMP4 
exposure was associated with a strikingly more significant de- 
crease in the number of 04*GalC~ cells in dorsal- than in 
ventral-derived GRP cells. 

Wc subsequently determined whether the addition of TH, a 
potent inducer of the generation of 04*GaiC~ cells and/or 
oligodendrocytes, could counteract the effects of BMP4 (Fig, 45) 
Dorsal and ventral cells were exposed to BMP at 1 ng/ml in the 
presence of TH at 50 n M for 7 d before the cultures were labeled 
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A BMP4 induce! difcrentiation of astrocytes from 
dorsal- and ventral -derived A2B3 * ceib in a dot ' 
manner. A2B5* celt, isolated from either the c 
ventral spinal cord of E13-5 rat embryo*, were plalec 
density in the pretence of bFOF and incr eating cc.™, 
tkw* of BMP4 (0.1-100 ng/ml). After 3 d, culture* « 
labeled with anli-OFAP antibodie* ar ■ ■ 
cyte* wa* determined. Wherea 
coou'nuous, dose-dependent i 
GFAP * astrocyte*, v« 

nificuitly more attrocytes at lower dote* of BMP (1 ng/ml) 
at thii time point, and higher dose* of BMP4 (100 ng/ml) 
proved to be lethal to ventral-derived ORP cell*. 



sd ORP cells generated sig- 



1 60- 
1 40- 



with 04, anti-GalC, and anti-GFAP antibodies, Ai shown in 
Figure 4B, the addition of TH had little or no elect on the 
generation of 04*GalC~ cell, in both dorsal and ventral cul- 
tures. However, we did detect a small but significant increase 
(p < 0.002) in the number of GalC * oligodendrocytes specifi- 
cally in the ventral-derived cells. This effect was not seen in 
dorsal -derived cultures. 

GRP cells can b« fjwwrated from dorsal and ventral 
nauroopi thecal •torn calls of tha E10.5 spinal cord 

Our results thus far demonstrate that there is a dorsal -ventral 
gradient in GRP cell distribution in the spinal cord of the E13.5 
rat, and that dorsal- and ventral-derived GRP cells are dissimilar 
in their abilities to generate oligodendrocytes over short time 
periods in vitro. In addition, these two populations differ in their 
response to BMP. Because GRP cells themselves are derived 
from neuroepithelial stem cells (NSCs) (Rao and Mayer- 
Proschel, 1997), we subsequently determined whether dorsal- and 
ventral-derived NSCs differed in their capacity to generate GRP 
cells. 

In these experiments, E10.5 spinal cord [at which time point all 
cells are NSCs (Kalyani et al., 1997)] was microdissected into 
dorsal and ventral regions. Dissociated cells were plated at clonal 
density on fibronectin/Jaminin-coated grid dishes in the presence 



Figun 4. OuTerential elects of BMP4 on dorsal- and 
ventral-derived ORP cell*. ORP cells were isolated from 
either the dorsal or ventral spinal cord of E13S rat embryo* 
^wf 1 ^," " denjit¥ '» the pretence of FOF and 
BMP4 (A)(l ng/ml) or FOF, BMP4 (1 ng/ml), and TH (B). 
To allow for oligodendrocyte generation, culture* were ex- 
amined after 7 d for the presence of 04 *OalC- precursor 
ceils or OatC * oligodendrocyte*. Although GalC " oligoden- 
drocytes were only found in ventral ORP cell cultures con- 
taining TH, both dorsal- and ventral-derived culture* con- 

r— n - , tained 04 *GalC " precursor cells. In the presence of BMP, 

the ability of dorsal ORP cells to generate 04 *OarC~ pre- 
cursor cells was lower than that of ventral-derived cultures; 
Hut was not changed by the addition of TH. 

of 10 ng/ml bFGF and embryonic chick extract (CEE), a condi- 
tion that prevents differentiation of NSCs (Kalyani et al., 1997). 
After 3 d in culture, when clones reached a size of 20-50 cells, 
CEE was removed to allow the clones to differentiate into lineage- 
restricted precursor cells (Kalyani et al., 1997; Mayer-Ptdschel et 
ai., 1997; Rao and Mayer- Proschel, 1997). After 5 d in the absence 
of CEE, clones were stained with A2B5 antibody and the number 
of clones containing A2B5 * cells was determined. 

Both dorsal- and ventral-derived NSCs generated A2B5 * cells 
with a similar efficiency. From a total number of 175 ventral- 
derived NSC clones, 152 (i.e., 87%) contained A2B5* cells after 
5 d of in vitro growth. Similarly, 200 of 213 (84%) dorsal-derived 
NSC clones cell clones contained A2B5 * cells at this time point. 
Analysis of the differentiation potential of A2B5 * cells derived 
from dorsal and ventral NSCs confirmed that these cells ex- 
pressed the differentiation characteristics of GRP cells (Table 2). 
These experiments were performed as described previously (Rao 
and Mayer-Prdschel, 1997). Briefly, clones were stained with 
A2B5 as live cells and single clones were picked and replated into 
grid dishes. Single A2B5* cells were marked and expanded in 
the presence of bFGF. After clones reached a size of 20-40 
cells (5 d), they were switched to 10% FCS to generate astro- 
cytes. After 7 d, clones were stained with A2B5 and anti- 
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of type 1 .iihI ty|)c 2 astrocytes, 
wnethci they were generated in d 
tines and whether Ihcy were gene; 
BMP, Jala ncH shown) A smaller number of done 
A2H5 ' cells only, ami none of these clones conlai. 
diocyies. (Table 2) In conlrasl, exposure of clones 1 
1 1 1 for 10 d was associated with oligodendrocyte gcr 
clones. Although differences wete not striking, significantly more 
ventral clones generated oligodendrocytes than did dorsal clones 
ovcMhis lime period (35 r 1% vs 25 !. 2%, respectively, p ■■' 

DISCUSSION 

One of the essential challenges that arises with (lie discovciy of 
any new precursor cell population is to determine how these cells 
might be integrated into (or might alter) existing views on tissue 
development. In the present studies on the tripotential GRP cell 
of the embryonic rat spinal cord, we have found that Ibis recently 
discovered novel glial precursor cell can generate progeny with 
the antigenic phenotypc and differentiation characteristics of 
bipotential 02A/OPCs. This process is regulated by cell- 
exogenous signaling molecules, with growth in the presence of 
PDGF plus TH being particularly effective in promoting such 
differentiation. In contrast to previous ■suggestions that putative 
oligodendrocyte precursor cells arc localized in ventral regions of 
the F14 spinal cord (Warf et al., 1991; Pringle and Richardson, 
1993, I'ok-Seang and Miller. 1994; Timsi! ct al., 1995; Hall ct a)., 
1996; Miller, 1996; Rogister et al., 1999; Richardson ct al , 2(W 
Spassky et al., 2000), GRP cells could be isolated from both the 
dorsal and ventral cord of 1-1T5 rats. However, there were dif- 
ferences between dorsal- and venlraWcrived GRP cells in their 
response to conditions that promote or inhibit generation of 
02A/OPCs or oligodendrocytes, with ventral-derived GRPs ex- 
hibiting a greater propensity to differentiate along the oligoden- 
drocyte lineage. 

The demonstration that GRP cells can yield 02A;OPCs inte- 
grates these two glial precursor cell populations for the first time 
and indicates that their relationship is one of sequential lineage 
restriction rather than being independent precursors that gener- 
ate oligodendrocytes. In light of our present studies, the simplest 
model of oligodendrocyte generation that appears to be consis- 
tent with all available data would be that production of these cell 
types requires the initial generation of GRP cells from NSCs 
followed by the generation of 02A,OPCs from GRP cells (Fig. 
5). Our previous studies (Rao and Mayer-Proschel, 1997; Rao et 
al., 1998) indicated strongly that GRP cells are a necessarv 
intermediate between NSCs and differentiated glia, and our 
c the possibility that C)2A/OPCs are a neces- 
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spite the fact tha 

l «ms unlikely that the 04 'GalC cells studied in 1 
experiments were .let ivcd from a subset of A2B5 ' 04 bipoten- 
tial O'A.OPCs piesent ,n the original GRP cell culture. In our 
picvHUis characterizations of GRP ceils derived from I 11.5 spi- 
nal cords, we consistently failed to find clones that gave rise 
exclusively to type 2 astrocytes when exposed to 10% I CS, even 
when cells were serially rccloned three times over a period of 
:ks (Rao ct al., 1998) Moreover, analysis of hundreds 
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of putative GRP cell clones thus far has failed to rc 
that generate only type-2 astrocytes when exposed 
HMPs (Mayer-Proschel, unpublished observations). Thus, it ap- 
pears that the generation of cells with the characteristics of 
02A/OPCS is a differentiation event that requires exposure of 
GRP cells to appropriate inductive signals, such as PDGF plus 
I H. Moreover, we could find no GalC " 04 oligodendrocytes in 
any conditions, which would have at least raised the possibility 
that oligodendrocytes might be generated directly from GRP 
cells. Such results are consistent with previous observations thai 
passage through an 04 • GalC stage of development is required 
for oligodendrocyte generation from bipotential 02AOPCs 
IGard and Pfeiffer, 1990, 1993; Gard et al., 1995). Our data are 
also consistent with other studies indicating that 04 *GaiC cells 
are bipotential (Trotter and Schachncr, 1989; Barnett et al., 1993; 
Grzcnkowski et ai., 1999). 

It remains formally possible that GRP cells might be able to 
genetate oligodendrocytes without passage through an interme- 
diate G2A/OPC stage, or that NSCs could generate 02A/OPCs 
without going through a GRP cell stage. Nonetheless, it is im- 
portant to stress that no data exist to support the possibility that 
O2A/0PC5 arc directly generated from NSCs or that oligoden- 
dnxrytcs are directly generated from cither NSCs or GRP cells. 
Thus, the developmental pathway we suggest is at present the 
only one supported by experimental observations. 

It is of particular interest to find that ventral-derived GRPs 
seem to differ from dorsal ceils in such a manner so as to have an 
increased probability to generate G2A,OPCs and or oligoden- 
drocytes, even in the presence of BMP. Thus, it may prove 
necessary not only to study GRP cells but also to focus attention 
on ventral-derived GRP cells to understand the mechanism of 
action of those factors that eventually lead to oligodendrocyte 
generation. It will be of considerable interest to determine 
whether these differences are intrinsic to ventral- or dorsal- 
denved GRP cells or are acquired as a consequence of exposure 
to particular environmental signals. It also will be of inleiest to 
determine whether the OM/OPCs generated from dorsal and 
ventral GRP cells themselves differ in their responsiveness to 
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inducers of oligodendj.xyte generation, .in interpretation (hat 
c<*iMMcnl w,ih ,,ur .lata (I'm- *H) In addition, our 
• -bsctv.it ion that the responsiveness „f GRP cells (l , pi-jr,!. p)l „ 

1 1 1 .is pioniotmg signals ,.f <>2A,OP< ' and oligodendrocyte gen- 
eration may decrease with increased (iRf> cell expansion 'tin :tlm 
is reminiscent of ow previous findings Hut 02AOPCs expanded 
!<>i continued periods become less responsive to PDGJ ak ,i 
mttogen (fU^Ier et a!., 1990) Although ihc biological implica- 
"" n5 1,1 Ihu observation with respect toGRPccll biology leomrc 
additional investigation, th.s R-.suil does cmphas./c the impor- 
tance of expanding piecmvor cell populations in vim) as mini- 
mally as possible in studies on the function of exogenous signaling 

It is important to consider the question of whether all previous 
studies attempting to define the early otigirj of the oligodendria 
< vtc lineage have in tact l>cen describing early differentiation 
events affecting ( JRP cells. Ii is clear from our previous work that 
GRP ceils can express the PDG1-R without losing their tripotcn- 
lial character (Rao el aj , I'm). In addition, our ongoing work 
(PtfJM.-hcl.tM4s, and Mayei-Proschel el al., unpublished observa- 
tions) is demonstrating that GRP cells can also be NG-2 ' and 
GD3 ', two other antigens that have been used in studies on 
02A/OW:s (Mayet-l'toscheJ. unpublished obser vat ions). More- 
over, it currently appears that GRP cells are the dominant (if not 
exclusive) A2R5 " cell population in the spinal cord until as late 
as H17 (Mayet-Proschel, unpublished observations). Thus, it is 
beginning to seem likely that events such as expression of PD< il-R 
in ventral A2B5 f cells may reflect a differentiation process in 
<iRP cells rather than the transition to being an 02A/OPC. 
Analyzing the early stages of generation of 02A/OPCs fiorn 
GRP cells, whether in vtoo or in vivo, wjJJ require identification of 
a marker that can be used to antigcnitally distinguish GRP cells 
from the A2B5 "04 stage of <)2A,OPCs. As indicated, none of 
the markers currently available seem to enable this distinction. 

f he field of developmental neurobiology is in the early stages 
of determining the iclationship between different lineage- 
restricted precursor ceils in the CNS, and our present experi- 
ments represent a critical step in determining whether GRP cells 
may be the ancestors of all glial populations of the spinal cord. 
Our present observations are consistent in two ways with such a 
suggestion. First, if this hypothesis were to be correct, then GRP 
ceils should be able to give rise to 02A,OPC\s (as we have found) 
We also would anticipate that CiRP ceils would be found in both 
the dorsal and ventral cord, although they may generate different 
progeny in these two regions. In future studies, it wiJI be impor- 
tant to discover whether precursor cells with the properties of 
GRP cells also exist in other regions of the CNS. In addition, it 
will be important to determine whether other progeny of GRP 
cells include the A2H5 * astrocyte precursor ceils present in 
embryonic <Iil7) spinal cord and originally described by I'ok- 
•Scang and Miller (1992. 1994), the putative astrocyte precursor 
cells from the embryonic mouse cerebellum described by Scid- 
man et al. <1<W), the astrocyte precursor cells described by Mi 
and Bar res (1999), or the pre-02A progenitor cell described by 
Grmspan ct aj. (1990). [,, addition, it is of importance to deter- 
mine whether the developmental inter-relationships that seem to 
exist in the spinal cord also apply to development of the brain. By 
identifying the relationship between these developmental path- 
ways and the signals responsible for these transitions, we will 
move closer to a comprehensive understanding of glial develop- 
ment in the CNS. 
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U.S. Patent and Trademark Office 
P.O. Box 2327 
Arlington, VA 22202 

Dear Sir: 

I, STEVEN A. GOLDMAN, pursuant to 37 C.F.R. § 1.132, declare: 

1 . I received B.A. degrees in Biology and Psychology from the University of 
Pennsylvania in 1978, a Ph.D. degree in Neurobiology from Rockefeller University in 1983, and an 
M.D. degree from Cornell University Medical College in 1984. 

2. I am a Professor of Neurology and Neuroscience at Weill Medical College at 
Cornell University and an Attending Neurologist at New York Presbyterian Hospital. 

3. I am a named inventor of the above patent application. 

Kirschenbaum Article 

4. I am a co-author of Kirschenbaum, et. al., "/« Vitro Neuronal Production and 
Differentiation by Precursor Cells Derived from the Adult Human Forebrain," Cerebral Cortex 6: 
576-89 (1994) ("Kirschenbaum"). 
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5. The study described in Kirschenbaum was carried out in my laboratory and I 
was the senior, supervising scientist on the study; therefore, I fully understand this work. 
Kirschenbaum cultures samples of adult temporal lobes under conditions suitable for neuronal 
differentiation, while exposed to 3 H-thymidine. These samples were incubated for 7-28 days, 
stained for neuronal and glial antigens, and autoradiographed. Neuron-like cells were found in 
explant outgrowths and monolayer dissociates of the subependymal zone and periventricular white 
matter but not the cortex. A small number of Map-2* and Map-57glial fibrillary acidic protein' cells 
did incorporate Yl-thymidine, suggesting neuronal production from precursor mitosis. However, the 
04 + oligodendrocytes were postmitotic. Even though the abstract of Kirschenbaum states that "04* 
oligodendrocytes, although the predominant cell type, were largely postmitotic (emphasis in 
original)", I said this only because I am generally reluctant to make conclusions in absolute terms. 
Nevertheless, it is clear from the following statement on page 582 of Kirschenbaum that, in fact, all 
of the oligodendrocytes were post-mitotic: 

These 04 + /GFAP ± cells were mitotically quiescent; among a sample of 8044 such cells, 
culled from four plates of subcortical white matter (2011 ± 858.6 04 + cells/plate, mean ± 
SD), none incorporated } H-thymidine in vitro, despite the frequent observation of 3 H- 
thymidine-labeled astrocytes in the same plates (emphasis in original). 

The failure of the Kirschenbaum study to identify mitotic oligodendrocyte progenitor cells caused 
me to continue working to identify and produce such cells. These efforts were ultimately successful 
in producing the invention of the present application. 

Bottens tcin Patent 

6. U.S. Patent No. 5,276, 1 45 to Bottenstein ("Bottenstein") is directed to substantially 
purified preparations containing a neural progenitor regulatory factor that is important in regulating 
and coordinating production of oligodendrocytes and type 2 astrocytes. The identification of this 
factor was carried out with brain cells derived from neonatal rats of 1-3 days of age. These cells 
represented a mixture of cell types, that included "progenitors", "Type 2 Astrocytes", "Early 
Oligodendrocytes", "Late Oligodendrocytes", "Total Oligodendrocytes", "Type 1 Astrocytes", and 
"Microglia". 

7. There are fundamental differences between the biology of rat and human 
oligodendrocyte progenitor cells. These are unaddressed in Bottenstein, which discusses findings 
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limited to neonatal rat brain. Whereas rat oligodendrocytes appear to retain mitotic potential, human 
oligodendrocytes do not (see Kirschenbaum). As a result, the oligodendrocyte progenitor cell of the 
rat brain cannot be considered homologous to its human counterpart. In particular, methods that 
permit the selective extraction and/or growth of oligodendrocyte progenitors from the rat brain do 
not differentiate between oligodendrocyte progenitor cells and mature oligodendrocytes able to re- 
enter the mitotic cycle. In humans, these constitute two discrete phenotypes, lineally related but 
temporally distinct. Our present invention teaches the selective acquisition of a highly enriched - to 
virtual purity - mitotically-competent oligodendrocyte progenitor cell pool, operationally separate 
and distinct from post-mitotic or mature oligodendrocytes. 

8. Bottenstein was directed at the enrichment of glial progenitor cells from newborn rat 
brain. Newborns have an abundant population of still-developing oligodendrocyte progenitor cells 
that may constitute a significant fraction of all of the cells in neonatal brain tissue. Bottenstein 
reported that >30% of the cells of its tissue dissociates expressed the marker of this phenotype. With 
the addition of B 1 04 conditioned media and the neural progenitor regulatory factor, this fraction 
increased to just over 40%. The nature of these cells is that of a still-mixed pool, in that the 
following populations appear to be represented by Bottenstein's data: astrocytes, oligodendrocytes, 
and a mixture of oligodendrodendroglial lineage cells of widely different developmental stages. 

9. In contrast to the cells acquired from newborn rats using the Bottenstein protocol, the 
present invention is achieved with a procedure that permits, in both young and old humans, the 
selective extraction of progenitor cells strongly biased to oligodendrocytic phenotype, and allows the 
purification of these cells, including those from tissues in which they are scarce (e.g., postnatal and 
adult brain tissues harboring <l% of the desired oligodendrocyte progenitor cell type). In Example 5 
of the present patent application, we reported the virtual purification of oligodendrocyte progenitor 
cells from tissues with a P/CNP2 promoter-targeted FACS-defined incidence of <1%. This 
constituted a far greater enrichment of the oligodendrocyte progenitor cell (i.e. 170-fold) than that 
achieved by Bottenstein (i.e. less than 1 .5-fold) and yields a far more pure product of 
oligodendrocyte progenitor cells. 

1 0. In contrast to Bottenstein, the human oligodendrocyte progenitor cell populations 
achieved through our protocols are virtually pure as to phenotype. Compare Figure 5B to its control, 
Figure 5A. In Figure 5 A, the gated single cell represents the false-positive sort incidence. Such 
incidences constitute <1% of the frequency of ev ents noted in Figure 5B, indicating >99% purity of 
the P/CNP2:hGFP-sorted oligodendrocyte progenitor cells. This can be modulated as a function of 
sort speed to achieve any desired degree of purity, the trade-off being lower yields as higher degrees 



of purification are achieved. By virtue of the high-purity extraction attainable by fluorescence- 
activated cell sorting, the progenitor cells we produce are never exposed to paracrine factors released 
by other cells, after removal from tissue. This permits their maintenance in an undifferentiated and 
phenotypicaHy-unbiased state, in contrast to the mixed cellular milieu afforded by Bottenstein, in 
which non-oligodendrocytic and non-glial progenitor-derived phenotypes remain abundant. 

11. As a result of these considerations, the selective propagation of mitotically-active 
oligodendrocyte progenitor cells from the neonatal rat brain, as taught by Bottenstein, does not 
predict the successful isolation of mitotic oligodendrocyte progenitor cells from postnatal or adult 
human brain tissue. 

12. I hereby declare that ail statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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The 0-2A^dult progenitor ee 
central nervous system 

Mark Noble, * Damian Wren 1 ! and Guus 

Systematic comparison of tile properties of oligodendrocyte- 
lype-2 astrocyte (0 2 A) progenitor cells derived from optic 
nerves of perinatal and adult rats has revealed that these two 
populations differ in many fundamental properties. In 
particular, 0-2AF"*"" 1 progenitor cells are rapidly dividing 
celts capable of generating large numbers of oligodendrocytes 
over a relatively short time span. Oligodendrocyte differentiation 
generally occurs synchronously in all members of a clone, thus 
leading to elimination of that clone from the pool of dividing 
cells. However, some 0-2At m ""'' al progenitors are also 
capable of giving rise to 0~2A adul ' progenitors. These 
latter cells express many of the characteristics of stem 
cells of adult animals, including the capacity to undergo 
asymmetric division and differentiation. We suggest 
that precursors which function during early development 
give rise to terminally differentiated end-stage cells and 
to a second generation of precursors with properties more 
appropriate for later developmental stages. It is this second 
generation of precursors which express the properties of 
stem cells tn adult animals, and we therefore further 
suggest that our work offers novel insights into the possible 
developmental origin of stem cells. 

Key words: progenitor / amnxyte / perinatal I adult 



IN THE LIGHT OF the considerable physiological 
differences between development and maturity, 
it has seemed likely that precursor cells which 
contribute to the early generation of a tissue and the 
precursors involved in replacement of cells in 
older animals might differ in their properties. 
The explosive growth of cmbryogenesis would be 
inappropriate in most adult tissues, and processes 
must exist for slowing down this rapid generation 
of cells. However, precursor populations cannot be 
entirely eliminated, as there is a need in adult tissues 
for the maintenance of a population of precursor cells 
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which would have the capacity to contribute to tissue 
repair. It is these cells which include the stem cells 
of adult tissue. 

For at least several different cellular lineages, 
substantial differences have indeed been demonstrated 
between the precursor cells present during develop- 
ment and in the adult animal. For example, there 
are fundamental differences between embryonic 
myoblasts and adult muscle satellite cells, 1 - 2 and 
between fetal and adult cells of both the haemato- 
poietic and sympathoadrenal lineages.'- 4 In addition, 
although optic nerves of both perinatal and adult rats 
contain progenitor cells which can be induced to 
differentiate in vitro into cither oligodendrocytes or 
type-2 astrocytes, 510 the oligodcndrocyte-type-2 
astrocyte (02A) progenitors isolated from optic netves 
of adult rats differ from their perinatal counterparts 
in antigenic phenotype, morphology, cell cycle 
time, motility and time-course of differentiation 
in vitro. 7 '™ 

In this review we will discuss our attempts to 
understand the comparative biology of the precursor 
cells of developing and mature organisms. These 
studies have led us to propose functional distinctions 
between precursors which provide the basis for 
tissue formation during early development (e.g. 
neuroepithelial stem cells, embryonic stem ceils), but 
which are not maintained in the animal throughout 
life, and those which are able to provide a source 
of new cells in tissues of mature animals. At least 
for the lineage we have examined, our studies have 
provided several novel insights into the origin and 
functional biology of stem cells of aduJt animals. 

The 0-2A/* r "«"°' progenitor 

The first step in our studies on glial development 
in the CNS was the discovery that cultures derived 
from white matter tracts of the CNS contained two 
distinct astrocyte populations, termed type-1 and 
type-2 astrocytes. 11 These two cell types could be 
readily distinguished from each other on the basis 
of morphology, antigenic phenotype and response 
to growth factors. Most importantly, we found that 
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optic nerves of perinatal rats contained a population 
of glial precursors which did not express glial fibrillary 
acidic protein (GFAP) at the time of isolation, but 
which could be induced to become GFAP + typc-2 
astrocytes by growth in tissue culture. 

Subsequent studies on the precursors of type-2 
astrocytes led to the discovery that these ceils could 
also be induced to differentiate into oligodendro- 
cytes. 3 Oligodendrocytic differentiation of 0-2A 
progenitors occurcd when progenitors were grown 
in chemicaUy-defined medium and did not require 
the presence of inducing factors. In contrast, 
astrocytic differentiation required the presence ol 
appropriate inducing factors, at least one of which 
is found in fetal sera of a number of different species. 

Initial studies on oligodendrocytic differentiation 
of 0-2A progenitors isolated from optic nerves of 
perinatal rats presented the paradox that the cells 
wc were studying were isolated at a time of maximal 
division of this lineage in vise, 12 -* 3 yet cells did not 
divide in tissue culture. Resolution of this paradox 
began with the discovery that cortical astrocytes 
promoted 0-2A*"" - *' progenitor division in vitro. 1 * 
The astrocytes used in these studies express many 
of the properties of type-1 astrocytes of the optic 
nerve, which are the First identifiable glial cells to 
appear in the nerve. 15 The similarity of these two 
populations led us to suggest that type-1 astrocytes 
were responsible for supplying the mitogen(s) 
required to keep 0-2A progenitors in division hi vivo. 
Moreover, populations of 0-2At"" MU progenitors 
grown in the presence of purified cortical astrocytes 
were capable of undergoing extended division while 
also continuing to generate more oligodendrocytes, 1 * 
a pattern of behaviour similar to that occurring in vivo. 
Thus, the failure of 0-2A*™*** l/ progenitors to divide 
in our initial in vitro studies was due to the lack of 
necessary mitogens, which appeared to be supplied 
by another glial cell type of the optic nerve. 

Further studies demonstrated that purified cortical 
astrocytes could also promote the correctly timed 
differentiation in vitro of 0-2M KrimUal progenitors 
isolated from optic nerves of embryonic rats. 16 The 
molecular mechanism by which this timing is 
controlled remains a mystery, although all evidence 
to date indicates that it is the Q-IKP^^ progenitors 
themselves which are measuring elapsed time. 17 - 18 
A potential linkage between the measurement of 
elapsed time by dividing cells and the control 
of differentiation has also been observed for 
fibroblasts and haematopoietic stem cells (for review 
see ref 19). In the case of 0-2A^ iwfa/ progenitors, it 
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appears that this biological clock causes clonally 
related dividing progenitors to differentiate synchron- 
ously into oligodendrocytes within a limited number 
of cell divisions. 7,18 However, it is not yet 
known whether the mechanism which underlies this 
synchronous differentiation of clones of dividing cells 
is also responsible for the first appearance of 
oligodendrocytes in the rat optic nerve at the day 
of birth in vivo, or the equivalent time in vitro. 

The effects of purified cortical astrocytes, and of 
type-1 astrocytes from the optic nerve, on O-lAt*"* 0 " 1 
progenitor division in vitro appear to be mediated 
by platelet-derived growth factor (PDCF). 18 - 20 " 22 
0-2At* ,i,ulUj progenitors exposed to either PDGF or 
astrocyte-conditioned medium exhibited a bipolar 
morphology, migrated extensively (with average 
migration rates of 24.6 ± 5.6 /tm h - ') and divided 
with an average cell cycle length of 20 ± 6 h . PDGF was 
also as potent as type-1 astrocytes at promoting the 
correctly timed differentiation in vitro of embryonic 
0-2A progenitors into oligodendrocytes. 18 Moreover, 
antibodies to PDGF blocked the mitogenic effect of 
type-1 astrocytes on embryonic 0-2A progenitor 
cells, causing these cells to cease division and to 
differentiate prematurely even when growing on 
monolayers of type-1 astrocytes. Thus, this single 
mitogen was able to elicit a complex behavioural 
phenotype from 0-2A*™ u ' i progenitors which 
included normal functioning of the cellular mechanisms 
involved in the measurement of elapsed time. 
Interestingly, recent studies have indicated that 
neurons, which also promote division of 0-2AP™*** 
progenitors in vitro, 22,23 may also be a source of 
PDGF. 24 - 25 However, the specific contributions of 
either neuronal or astrocytic 26 production of PDGF 
to the development of the 0-2A lineage in vivo is not 
yet known. 

O-A* 4 '*" progenitors 

To attempt to gain insights into the cellular 
mechanisms underlying regeneration of the oligo- 
dendrocyte population following dcmyelinating 
damage in vivo, we also initiated studies on 0-2A 
progenitors of the adult CNS. In our initial studies, 
which again were focused on the rat optic nerve, 
we found that 0-2A progenitors isolated from 
adult animals differed from their perinatal counter- 
parts in several ways. When co-cultured with 
purified cortical astrocytes, 0-2A." laU progenitors 
had a unipolar morphology in vitro, 1 whereas 
0-2A/*™*"' progenitors were usually bipolar. 7 27 In 



addition, O-IA'" 1 "" progenitors had a longer average 
cell cycle time in vitro than 0-2At m " ala ' progenitors 
(05 ± 18 h versus 1H + 4h), 7 ' 20 migrated more slowly 
(4.3 ± 0.7nm h 1 versus 21 .4 ± 1 .G<un h " J ). 7,27 and 
take longer to differentiate (3-5 days versus 2 days for 
50% differentiation). 7 Furthermore, 0-2A" rf "" 
progcnilt)rs stimulated to divide by purified cortical 
astrocytes were G4 + while dividing 0-2A^"'"" fl/ 
progenitors were 04 (rel'7; I. Sommer, M. Noble, 
unpublished observations). 

The appearance of adult-specific precursors in any 
lineage raises questions about their developmental 
origin. Arc these cells derived from a common 
ancestor cell which, for example, initially gives rise 
to 0-2A^" no "' / progenitors, and then gives rise to 
0-2A***" progenitors during later stages of develop- 
ment? Alternatively, are perinatal and adult precursor 
populations derived from two distinct ancestors, 
despite being specialized to produce similar termin- 
ally differentiated end-stage cells? 

The continued presence of precursor populations 
in adult animals also raises questions about how 
such populations are maintained within any particular 
tissue throughout life. The maintenance of a 
precursor population throughout life is generally 
thought to be associated with the presence of 
a stem cell population which supplies new cells 
to the precursor pool for use in cell replacement 
following normal turnover or injury. For example, 
it has been suggested that the presence of proliferating 
0-2A progenitors in the adult animal requires 
the existence of a prc-progenitor, or stem cell, 
compartment in the 0-2A lineage. 6 The require- 
ment for a stem cell compartment to support 
the prolonged maintenance of dividing 0-2A 
progenitors in the nerve is further indicated by the 
self-extinguishing nature of the 0-2A^"" u ""' pro- 
genitor population. As described earlier, 0-2A^ r """ a ' 
progenitors grown in vitro in the presence of puri- 
fied cortical astrocytes (as a source of PDGF) 1 *- 20 
generally divide and differentiate symmetrically, 
such that all members of a clonal family of cells 
synchronously differentiate into oligodendrocytes 
within a limited number of divisions. ,7 - 1B It is clear 
that this mode of division and differentiation is 
incompatible with continued self-renewal of 
precursors throughout life, and it was thus not 
surprising to find that 0-2AP"' natal progenitors are 
present only in small numbers in cultures prepared 
from optic nerves of 1 -month-old rats 8 and are not 
detectable in cultures prepared from optic nerves of 
adult rats. 7 



Generation of 0-2A arfu/ ' progenitors from 
Q-2AP trinatat progenitors 

Analysis of the development of G-2A Ml progenitor 
cells in cultures derived from 3-weck-oId rats, (he 
age when the relative proportion of perinatal to adult 
0-2A progenitors appears to be changing most 
rapidly m viuo, B has indicated that some 0-2At mnoittl 
progenitor-like cells have the ability to generate 
C)-2A arf "'' progenitor-like cells when co-cultured with 
purified cortical astrocytes. 10 These experiments 
were carried out by filming the behaviour of families 
of cells derived from single 0-2A progenitors. Due 
to the simplicity of the optic nerve cultures, and our 
extensive characterization of the cell types found in 
these cultures, the morphological information 
provided in these films could be used to identify with 
great precision 0-2A progenitors, and to distinguish 
between cells with perinatal- or adult-like phenotypes. 

In seven individual time-lapse microcine.mato- 
graphic films, with a total analysis of 15 separate 
families of 0-2A lineage cells, we found four 
examples of families in which (1) the founder cell 
gave rise at the first division to two cells with the 
characteristic morphology, cell-cycle length and 
motility of 0-2Afi""""«' progenitors and (2) 
subsequent to the first division, members of the 
family expressed the unipolar morphology, 
lengthened division times and slow migration rates 
typical of 0-2A« rfa * progenitors. 

Figure 1 depicts diagramatically the history of one 
of the families wherein 0-2At*"' ,atal progenitor-like 
cells were seen to give rise to 0-2A adua progenitor- 
like cells. In this family the founder cell first 
generated two further 0-2A/*" 1 "' 0 ' progenitor-like 
cells (cells a and b). The family branch represented 
by one of these progenitors (cell a) terminated, 
over two divisions, with the production of three 
oligodendrocytes (cells c, d and e, which were 
characterized by their multipolar morphology, lack 
of division and lack of migratory behaviour). 20 - 31 
The other branch (cell b) first produced three 
further perinatal progenitor-like cells before all of 
these cells started to express longer cell cycle 
times and migration rates. By the next division, 
all of the motile and dividing members of this 
family expressed a unipolar morphology, a cell cycle 
length of > 40 h (x = 45 h) and a migration rate of 
< 6 jim h ~ 1 (x = 4/tm h " '); see cells f, g and h in 
Figure 1. Similar observations were made in the 
other three families in which a perimtal-io-adult- 
transition was observed. 10 
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Figure 1. Bipolar 0-2A'™ te ' progenitor-like cells that 
divide and migrate at a fast rate give rise to unipolar 
0-2A**" progenitor-like cells which migrate and divide 
more slowly. Fifteen clonal colonies of 0-2A progenitors, 
stimulated to divide by cortical astroevte-derived mitogens, 
were followed by time-lapse mkrocinentatography. Within 
15 colonies suitable for detailed analysis, four clear 
examples were found of 0-2A'™**' progenitor-like cells 
that were bipolar, were highly motile and had a short cell 
cycle time, which in the first division generated more 
Of-IK*****" 1 progenitor-like cells, and which eventually 
gave rise to cells which expressed the unipolar morphology, 
lengthened cell cycle time and slow migration rate of 
0-2A"** progenitors. One of the families in which dividing 
0-2A'* ff ™* w progenitor gave rise to 0-2A*** progenitor- 
like cells is represented diagramatically in die figure. The 
morphology of a progeny cell is indicated in the figure only 
when the cell was clearly bipolar, unipolar, or ohgodendro- 
cyte-Iike. Since some progeny cells moved out of the field 
of photography (depicted with an arrow) their fate could 
not be determined. The numbers above the lines are the 
cell cycle times in hours, while the numbers below the 
lines are the migration rates in pm h " l . The transitions 
shown could not be ascribed to changes in the composition 
of the tissue culture medium, since all still cultures 
contained actively dividing and migrating 0-2K* HiMM 
progenitor-like cells at the end of the filming period. 

Our time-lapse observations suggest that the 
transition from perinatal to adult phenotype is not an 
abrupt one, in that generation of 0-2A adu " 
progenitor-like cells may require two or more cell 
divisions, with the cells present after one division 
expressing cell-cycle times and motility characteristics 



intermediate between the perinatal and adult 
phenotypes. These results also are consistent with 
our previous studies on the characteristics of cells 
derived from optic nerves of 1-week to 1 -month-old 
rats, in which we observed cells with phenotypes 
which could not be classified unambiguously as adult- 
like or perinalal-Wkc. 6 

Extended self-renewal in the 0-2A lineage 
is associated with the in vitro generation 
of O-Zk 0 ** 1 * progenitors 

To test further the hypothesis that 0-2A"' , ' ft pro- 
genitors might be derived from 0-2AA*""<»<«' 
progenitors, we then serially passaged perinatal optic 
nerve cells over the course. of 3 months. In these 
experiments, optic nerve populations containing 
0-2A^'«'«' progenitors, but not 0-2A M ' pro- 
genitors, were passaged onto fresh monolayers of 
purified and irradiated cortical astrocytes for up to 
six passages. 

Serial passaging of 02A progenitors derived from 
optic nerves of perinatal rats was associated with a 
shift in the progenitor population from entirely 
perinalal-like to predominantly adult-like, as judged 
by antigenic and morphological criteria and by 
changes in the population doubling times. 10 In the 
early passage cultures, dividing 0-2A progenitor- 
like cells (identified by [ 3 H]- thymidine labelling, 
immunolabelling and autoradiography) expressed the 
bipolar morphology and A2B5 + 04 - antigenic 
phenotype characteristic of 0-2A* ri * a ' ai progenitor 
cells. In contrast, >80% of the dividing 0-2A pro- 
genitors in the later passage cultures expressed 
the 04 + antigenic phenotype characteristic of 
0-2A lMt progenitors, and 92% of these cells also 
expressed the characteristic unipolar morphology of 
0-2A BdW< progenitors. 7 The rate of increase in the 
numbers of new progenitors and oligodendrocytes 
in these cultures also decreased significantly with 
increasing passage number, and fell from the 24 h 
doubling times characteristic of perinatal populations 
to approach the long doubling times characteristic 
of adult populations. In agreement with the increase 
in the average doubling time with increasing passage 
number, the proportion of progenitor-like cells which 
incorporated [ 3 H] -thymidine during a 24h pulse 
decreased with successive passages. 

The results of our serial passaging experiments 
were thus consistent with the hypothesis that 
0-2A 0 ** progenitors are derived from 0-2AA"*"* ,/ 
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progenitors and further suggested that expression of 
the capacity for prolonged self-renewal in this lineage 
is associated with the appearance of 0-2A" i " u 
progenitors. The mechanism which might underly 
such self-renewal was suggested by observations that 
serial passaging was associated with a slight increase 
in the proportion of colonies which contained both 
oligodendrocytes and [ S H] -thymidine labelled 0-2A 
progenitors, an observation examined in closer 
detail using cells derived from adult animals (see 
next section). 

Characteristics of division and differentiation 
in colonies of 0-2A tuiuit progenitor cells 

As 0-2AP K * mUi progenitors are not detected at all in 
cultures derived from adult optic nerves, it is unlikely 
that generation of 0-2A« Ai progenitors from 
0-2A^™^ progenitors is the mechanism which 
allows maintenance of the adult progenitor in the 
nerve throughout life. The slight increase in the 
proportion of 0-2A lineage colonies containing both 
oligodendrocytes and [ 3 H J -thymidine labelled 0-2A 
progenitors, seen in our passaging experiments, 
raised the possibility that 0-2A* 4 "* progenitors might 
be able to divide and differentiate asymmetrically. 
Such a pattern of division and differentiation would 
allow these cells to give rise to more progenitors 
and generate oligodendrocytes at a slow rate. 
To examine this possibility under conditions which 
would allow cells to undergo several divisions, we 
analysed the composition and size of oligodendrocyte- 
containing colonies generated from 0-2A*™ a4rf and 
0-2A" W( progenitors grown at clonal densities (< 1 
cell/30 mm 2 ) on monolayers of purified cortical 
astrocytes (to promote progenitor division). 7 ' 14 As 
the generation of 0-2A*'** progenitors from 
0-2At mimati progenitors (as would occur in cultures 
derived from 3-week-old rats) would have complicated 
analysis of these experiments, the optic nerve cells 
used in these experiments were obtained exclusively 
from newborn and adult rats. Colonies were examined 
after a length of time which would allow cells to 
undergo <6 divisions and ^ 10 divisions, this being 
6 and 10 days for 0-2A^™ wto/ progenitors and 15 
and 25 days for 0-2A 4,&ft progenitors, respectively. 

Oligodendrocyte-containing colonies 

As in previous experiments, 17 the composition and 
size of oligodendrocyte-containing colonies derived 



from 0-2A<*"'»« 4/ progenitors were consistent with 
the view that the generation of oligodendrocytes 
by these cells is associated with symmetric division 
and clonal differentiation. Sixty-six percent of 
the oligodendrocyte-containing colonies examined 
on Day 10 consisted entirely of oligodendrocytes 
and, even as early as Day 6, the A2B5 + GaJC" 
progenitor-like cells in mixed colonies were most 
frequently multipolar non-dividing cells (i.e. not 
labelled with [ 3 H] -thymidine) which appeared 
to have been visualized just prior to oligodendrocytic 
differentiation. Only 7% of the oligodendrocyte- 
containing colonies derived from perinatal progenitors 
and visualized on Day 6, and 14% of those visualized 
on Day 10, contained both oligodendrocytes and 
dividing progenitor cells (as judged by the in- 
corporation of [ S H] -thymidine). Moreover, 
oligodendrocyte-containing colonies derived from 
02A*"" W <« / progenitors clustered around sizes of 2 
4, 8, 16, 32, 64 and 128 cells/colony at 6, 8 and 
10 days after plating, as expected when clonally- 
related cells divide symmetrically and differentiate 
synchronously. 

Unlike the results obtained with 0-2A*"*'*'' 
progenitors, the composition of oligodendrocyte- 
containing colonies derived from individual dividing 
0-2A aA * progenitors was consistent with the hypo- 
thesis that the generation of oligodendrocytes by these 
cells occurred by means of asymmetric division and 
differentiation. 10 Over 75% of the oligodendrocyte- 
containing colonies derived from individual 0-2A"** 
progenitors grown at clonal densities contained both 
oligodendrocytes (which generally do not divide in 
these tissue culture conditions) 71 4 and [ 3 H]- 
thymidine-labelled progenitors after both 15 and 25 
days of in vitro growth, periods of time which would 
allow <6 or <10 average cell cycles for 0-2 A" 6 "* 
progenitors. 7 The proportion of colonies which 
contained both oligodendrocytes and radiolabcJled 
0-2A progenitor cells on Days 15 and 25 of in vitro 
growth was very similar, even though the average 
size of the oligodendrocyte-containing colonies 
continued to increase with time in culture (from a 
median value of 7 cells/colony on Day 15 to a median 
value of 11 cells/colony on Day 25). Only 10% of 
the colonies visualized on Day 25 consisted entirely 
of oligodendrocytes, and the remaining 14% 
contained oligodendrocytes and progenitors which 
were unlabefled by [ 3 H] -thymidine. In addition sizes 
of oligodendrocyte-containing colonies did not cluster 
at factors of 2 on either Day 15 or Day 25 of in vitro 
growth. 
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Oligodendrocyte-free colonies 

Sixty-two percent ( 1 1 0/ 1 76) of the colonies derived from 
0-2A aA * progenitors contained no oligodendrocytes 
even after 25 days of in vitro growth. Oligodendro- 
cyte-free colonies seen at this stage were generally 
small, and over 80% of these colonies (89/110) 
contained < 16 cells at Day 25. Consistent with the 
small size of many of these colonies, < 20% (23/1 10) 
of the oligodendrocyte-free colonies contained any 
cells wich were labelled by a 20 h pulse with [ 3 HJ- 
thymidine. In contrast, in colonies derived from 
O^A*"**" 1 progenitors, only 30% (41/136) of the 
colonies were free of oligodendrocytes on Day 10 
in vitro. 

The 0-2Af ubtlt progenitor as a stem cell 

While the generation of 0-2A*'*'' progenitors from 
0-2\P" iHatal progenitors provides a possible 
explanation for the origin of the adult cell, the lack 
of 0-2A/™*"*' progenitors in adult optic nerve' 
suggests that other mechanisms are involved in 
maintenance of a dividing population of 0-2A*** 
progenitor in the adult animal. Although it has been 
previously suggested 6 that the presence of such cells 
in the adult requires the existence of an ancestral 
stem cell, capable of generating 0-2A lineage ceils 
throughout life, several observations now raise the 
possibility that the 0-2A* lW ' progenitors may them* 
selves function as stem cells. 

The first stem-cell like property of 0-2A arf « A 
progenitors derives from the observation that this 
population is maintained in the rat optic nerve as a 
dividing population seemingly throughout life (rcf 6; 
G. Wolswijk, E. Abney, unpublished observations). 
0-2A**"'' progenitor-like cells can be isolated from 
optic nerves during the first week after birth and such 
cells remain in the nerve for at least the first year of 
life, in contrast with 0-2A^ T " ,a<8/ progenitors, which 
have largely disappeared from the optic nerve by one 
month after birth. 7,8 In oitro observations suggest 
that 0-2A/*"' u " a ' progenitors would disappear from 
the nerve as a consequence of symmetric differenti- 
ation of most clones of cells into oligodendrocytes 
and differentiation of the remaining cells into 
0-2A*''''' progenitors (and possibly type-2 astro- 
cytes, although the in vivo existence of these cells is 
controversial; see refs 28-32). 

The second stem-cell like property of 0-2A adul1 
progenitors is their long (60-65 h) cell cycle times. 7 9 
Our most recent studies 10 further suggest that the 



population of 0-2A* /w< progenitors may even 
contain a sizeable proportion of cells with cell cycle 
times in excess of 100 h. Examination of colonies 
developing in oitro over 25 days showed that the great 
majority (89/1 10) of these colonies contained < 16 
cells after 25 days in vitro, and that only a small 
proportion (23/1 10) of these colonies contained cells 
which were labelled with a 20 h pulse of [ 3 HJ- 
thymidinc. Both of these results are consistent with 
the existence of O^A^ progenitors with very long 
cell-cycle times. 

Also of potential relevance to the question of 
whether 0-2A aAfi progenitors express stem-cell like 
characteristics are our observations consistent with 
the view that these cells can undergo asymmetric 
division and differentiation in vitro. Unlike colonies 
derived from 0-2A*"**"' progenitors, oligodendro- 
cyte-containing colonies derived from 0-2A t ** u 
progenitors generally contained 0-2A« A/< pro- 
genitors which were labelled by [ 3 H] -thymidine, 
indicating that onset of differentiation in the adult 
progenitor-derived colonies was not associated with 
cessation of cell division in the whole colony. The 
capacity to undergo asymmetric division and differ- 
entiation is an important attribute of bona fide stem 
cells of adult animals. 

A further stem-cell like feature displayed by adult 
progenitors grown in vitro was that a far higher pro- 
portion of oligodendrocyte-containing colonies than 
oligodendrocyte-free colonies contained 0-2A* &i 
progenitors labelled with a 20 h pulse of [ 3 H]- 
thymidine (75 versus 20%; rcf 10). Similarly, the 
onset of differentiation of epidermal stem cells into 
keratinocytes in any clone of cells is associated with 
an increased likelihood of finding cells engaged in 
DNA synthesis, in association with passage of stem 
cell progeny through a transit amplifying population 
of cells engaged in differentiation. 33 



Growth factor co-operation and self-renewal 
in the 0-2A lineage 

All of the research described thus far was carried out 
in cultures in which 0-2A progenitor division was 
promoted either by purified cortical astrocytes or by 
PDGF (the progenitor mitogen secreted by these 
cells). However, we have also found that there are 
other developmental programmes which can be 
expressed by dividing 0-2A progenitors. As will be 
discussed below, some of these findings may be of 
particular relevance to understanding the control of 
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precursor self-renewal and also to the clicitation froni 
aduli stern cells of a pattern of growth likely tu be 
of importance in responding to tissue injury. 

0-2A/* r, "" , ''* / progenitors division can be induced 
by exposure to t ells Lo basic fibroblast growth factor 
(bFGF), but cells induced to divide by this mitogen 
were multipolar and showed little migratory 
behaviour. 14 In addition, cells induced to divide by 
bFGF had a cell-cycle length of 45 + 12 h, in contrast 
with the 18 + 4 h cell cycle length elicited by exposure 
to PDGF. These results indicate that PDGF and 
bFGF function in the Q-2A lineage as modulators 
of differentiation as well as functioning as promoters 
of cell division. PDGF and bFGF also differ in their 
effects on oligodendrocytes themselves, in that only 
bFGF is able to promote division of these cells. 31 36 

The effect of bFGF on oligodendrocyte differenti- 
ation of 0-2A^"" uto ' progenitors is currently a subject 
of controversy. In our initial studies, we found that 
0-2A progenitors exposed to bFGF differentiated 
prematurely to form oligodendrocytes. 34 In contrast, 
other investigators found that this same mitogen 
inhibited differentiation of purified 0-2A/*"""''"' 
progenitors. 37 The several methodological differences 
between the two sets of studies (ranging from the 
source of progenitors to the methods of tissue culture) 
make it difficult to determine the reasons for these 
differing observations. Our more recent studies do 
however suggest that at least part of the discrepancy 
between the two sets of results may have been due 
to effects of other factors present in the cultures, 
and that bF"GF does indeed inhibit oligodendro- 
cyte differentiation of purified Q-2A^ cr """" i pro- 
genitors. 46 

In respect to 0-2A P tri '"> tat progenitors, the most 
intriguing results of our studies with PDGF and bFGF 
was the discovery that progenitors exposed simul- 
taneously to these two mitogens continued lo divide 
without differentiating into oligodendrocytes. 34 For 
example, cultures prepared from optic nerves of 
19-day-old rat embryos began to generate oligo- 
dendrocytes after 2 days when established in 
the presence of PDGF alone, 18 - 34 yet remained 
oligodendrocyte-free even after 10 days of growth 
in the presence of PDGF" + bFGF. 34 Further experi- 
mentation has demonstrated that 0-2At" , '' n <" al 
progenitors can be grown continually for a year or 
more in vitro as long as cells are continually exposed 
to both of these mitogens (S.C. Barnett, M. Noble, 
unpublished observations). 0-2A/*"'"""' progenitors 
grown in this manner retain the ability to undergo oligo- 
dendrocyte differentiation when removed from the 
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presence of both mitogens. We do not yet know whether 
O-lAP""""" 1 progenitors grown for extended periods 
in this manner will generate 0-2A nrf "" progenitors. 

The discovery that cooperation between growth 
factoi-s can cause prolonged self-renewal of precursors 
revealed a previously unkown means of regulating 
self-renewal in a precursor population. Such co- 
operation may, however, represent a more general 
phenomenon, as indicated by the importance of 
growth factor cooperation in promoting the extended 
division in oitro of haematopoietic stern cells 38 and 
primordial germ cells. 47 It will be of considerable 
interest to determine the extent to which cooperation 
between different growth factors is responsible for 
eliciting particular aspects of stern cell behaviour. 



Growth factor cooperativity and lesion repair 

While it is difficult ro determine the role (if any) 
played by PDGF/bFGF cooperativity during develop- 
ment, some of our most recent studies have suggested 
that such cooperativity may be of profound importance 
in the context of lesion repair. These studies have 
also revealed a further property of 0-2A arf < , ' ( pro- 
genitors of relevance in considering the stem cell- 
like behaviour of these cells. 

We have recently found that simultaneous exposure 
of 0-2A" du " progenitors to PDGF + bFGF converts 
many of these cells to a rapidly dividing and highly 
motile phenotype with a bipolar morphology and 
antigenic phenotype very similar to that expressed 
by 0-2A/"™" 1 progenitors. 4 " Thus, these cells 
can be induced to express a phenotype which seems 
likely to be of relevance to repair of demyelating 
lesions. These findings demonstrate that the mole- 
cular mechanisms which underlie the characteristic 
behaviour of 0-2A/*""<"«' progenitors are not 
irreversibly inactivated with the generation of 
0-2A adtt " progenitors, but arc instead placed under 
the control of slightly different signalling processes 
than those which function in the perinatal cells. 
The finding that rapid cell division can be induced 
in 0-2A'"'" 1 ' progenitors is consistent with observa- 
tions that repair of virally-induced demyelination 
in vino appears to be preceded by increases in 
the numbers of 0-2A adu " progenitor-like cells. 31 ' 
In addition, studies in other laboratories have 
suggested an increased production of F'GFs and 
PDGF following GNS damage. 40 - 42 It is particularly 
intriguing, however, that our studies also suggest that 
the ability of Q-2A" dut ' progenitors to maintain a 
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rapidly dividing and migrating phenotype is not 
maintained beyond a small number of divisions, 
suggesting intrinsic limitations may exist in the extent 
to which these cells are capable of contributing to 
myelin repair. 48 Such a possibility is reminiscent of 
claims that MS lesions are initially repaired, but 
eventually become permanently demyelinated. 



A revised view of the 0-2A lineage 

Figure 2 summarizes some of our current views 
about development of the 0-2A iineage, in which the 




Figure 2. The 0-2A lineage, as presently perceived in our 
laboratory. 'Ciliary neurotrophic factor (CNTF) is thought 
to initiate astrocytic differentiation of 0-2A progenitors, as 
detected by expression of glial fibrillary acidic protein 
(GFAP). Full differentiation of O^A*™""' progenitors 
into type-2 astrocytes, however, requires the additional 
presence of an unidentified extracellular matrix 
component (see refs 43, 44). Differentiation of 0-2A*'"" 
progenitors into type-2 astrocytes has not yet been 
extensively studied, although we have observed that the 
type-2 astrocytes generated following growth in serum- 
containing medium do not express the stellate morphology 
of type-2 astrocytes derived from 0-2A '*""*'*' progenitors. 
For more detailed discussion on other aspects of differenti- 
ation in this lineage see also refs 21, 29, 45. 



population of 0-2Af KHn " ai progenitors is now seen 
as tripotential and capable of giving rise to 
oligodendrocytes, type-2 astrocytes and 0-2A*'"* 
progenitors. Our studies suggest that Q-lAP*™* 1 * 1 
progenitors express the properties of true progenitor 
cells, in that these cells generally express a limited 
life-span before undergoing differentiation (at least 
when stimulated by purified cortical astrocytes or 
PDGF). However, a previously unanticipated differ- 
entiation pathway which appears to be open to 
0-2A*"" w * ,/ progenitors is to give rise to a new 
generation of precursors, these being the stem cell-like 
CMA"* 1 " progenitors. The apparent development 
of 0-2A** 1 * progenitors, with stem cell-like character- 
istics, from a rapidly dividing perinatal population 
differs significandy from the pattern of development 
seen in other lineages, where slowly dividing stem 
cells (of developed, rather than developing, tissues) 
have been seen to give rise to rapidly dividing pro- 
genitors (for review see ref 33). However, no other 
studies have focused on the origin of potential stem 
populations in the manner in which we have. 

A general hypothesis on the origin of stem cells, 
which we believe emerges from our studies, is as 
follows: precursors which function during early 
development express properties required for cells 
participating in the initial creation of a tissue. Such 
properties are inappropriate at later developmental 
stages, at least for some tissues. In such instances, 
the early precursors give rise to a second generation 
of precursors with properties more appropriate to 
later development, as well as to terminally differenti- 
ated end-stage cells. It is this second generation of 
precursors which represent the stem cells of adult 
animals. Unfortunately, it will first be necessary to 
be able to distinguish unambiguously between fetal 
(or perinatal) and adult precursor cells in other tissues 
before it can be determined whether phenomena 
similar to those observed in the 0-2A lineage also 
occur in other lineages. 

In regards to the 0-2A lineage itself, there are 
many challenging questions which remain un- 
answered. It will first be important to determine 
whether the process we have described for the 0-2A 
lineage of the optic nerve occurs in all regions of 
the CNS. On a more fundamental level, it will be 
necessary to determine the relationship between the 
symmetric and asymmetric O-lkt*™** progenitors. 
Are these two cell types distinct from the beginning 
of their existence, is one cell type the ancestor of the 
other, or do they represent two possible differentiation 
pathways of a still earlier ancestor cell? Moreover, 
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although it seems likely that it is the asymmetrically 
behaving 0-2A^"" fa/ progenitors which eventually 
give rise to 0-2 A**'" progenitors, the mechanism 
which causes the earlier cells to generate cells of an 
adult phenotype is a mystery. At present, we know 
that 0-2AP" i * aul and O-IA*** 1 * progenitors exposed 
to platelet-derived growth factor (PDGF) each 
express their characteristic morphologies, migratory 
properties and cell cycle lengths. 9 - 20 It will be 
an important challenge to define the molecular 
alterations which allow a single cell-signalling molecule 
to elicit such different behaviours from these two 
precursor populations, and to determine whether 
these alterations are alone sufficient to convert 
O^At*"*"" 1 progenitors into 0-2A" W( progenitors. 
It is also interesting that this replacement of an 
D-lAP"**** 1 progenitor population by an 0-2A**" 
progenitor population in vitro is at least superficially 
similar to that which occurs in vivo (albeit over a 
slightly shorter time-scale than that seen in vitm). The 
ability to reproduce such a conversion in tissue 
culture will facilitate future studies on molecular 
mechanisms which might be involved in the 
generation of 0-2A"** progenitors from 0-2A/"™"**' 
progenitors. Finally, the 0-2A* &4 progenitor cell 
may offer a suitable model system for probing the 
molecular mechanisms involved in the generation of 
asymmetric division and differentiation. 
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Fetal and adult human oligodendrocyte progenitor cell 
isolates myelinate the congenitally dysmyelinated brain 

Martha S YVimlitm 1 , Maria ( '. Nuites 1 , William K R.ishlnumr, Theodore 1 1 Schwartz. \ Robert A ( iootlman ', 
< iuy McKhann II 1 , Neeta S Roy 1 & Steven A Goldman 1,1 



Both late gestation and adult human forebrain both contain large 
numbers of oligodendrocyte progenitor cells (OPCs). These cells 
may be identified by their A2B5 4 PSA-NCAM phenotype (positive 
for the early oligodendrocyte marker A2B5 and negative for the 
polysialylated neural cell adhesion molecule). We used dual-color 
fluorescence-activated cell sorting (FACS) to extract OPCs from 21- 
to 23-week-old fetal human forebrain, and A2B5 selection to 
extract these cells from adult white matter. When xenografted to the 
forebrains of newborn shiverer mice, fetal OPCs dispersed 
throughout the white matter and developed into oligodendrocytes 
and astrocytes. By 12 weeks, the host brains showed extensive 
myelin production, compaction and axonal myelination. Isolates of 
OPCs derived from adult human white matter also myelinated 
shiverer mouse brain, but much more rapidly than their fetal 
counterparts, achieving widespread and dense myelin basic protein 
(MBP) expression by 4 weeks after grafting. Adult OPCs generated 
oligodendrocytes more efficiently than fetal OPCs, and ensheathed 
more host axons per donor cell than fetal cells. Both fetal and adult 
OPCS phenotypes mediated the extensive and robust myelination 
of congenitally dysmyelinated host brain, although their differences 
suggested their use for different disease targets. 

A broad range of pediatric leukodystrophies and storage diseases mani- 
fest with myelin failure or loss. Recent studies have focused on the use of 
transplanted oligodendrocytes or their progenitors to treat congenital 
mvclin diseases. 1 he imclmogenic potential of implanted brain cells was 
first noted in the shiverer mouse 1 ~. Shiverer is an autosomal recessive 
mutation; <JwJtt homo/vgotes fail to develop MBP or compact myelin 
and die by 20 22 weeks. Transplanted fetal brain cells' *, primary' - and 
tmmortali/ed 8 neural progenitors, and enriched glial progenitor cells'* 
can all myelinate ■.hiverer axons, albeit tvpically with low efficiency. 
Similarly, rodent subventrictilar /one progenitors can engraft another 
dvsmyelmated mutant, the nnelin deficient i.it, after perinatal admims 
(ration"'". Indeed, all of these studies suggest the feasibility of myelma! 
ing congenitally dvsmyelmated brain, even though none ol the cell 
sources used did so efficiently. 

On this basis, we asked whether highly entiched populations of OPCs 
directly isolated horn the human brain might be used as more effective 
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adult subcortical' white mattet 1 ' 1 ', could mediate huge scale tmclina 
turn of a congenitally dysmyelinated host. We icport heie that both tetal 
and adult human OP( \, highly enriched by surface antigen -based f'ACS, 
were capable of widespread and high-elficiency rmelination ol the shiv- 

ferences m the behavior of fetal and adult derived OPCs, which suggests 
that they may be useful m Heating different specific disease targets. 

( ells dissociated from the late second trimester human ventricular 
/one <21~21 weeks gestation! were first magnetically sorted to isolate 
A2W cells 1 ' "', including oligodendrocyte and neuronal progenitor 
cells. Hecause PSA N< IAM is expressed by immature neurons at this stage 
of development <7 ,w< then used FACS to deplete i'SA NCAM* neurons 
from the larger A2B5* celt population. This yielded a subpopalation ol 
A2B5*P5A \t JAM cells, which defined otu oligodendtocyte progenitor 
pool. Two color FACS showed that the A2B5'PSA-NO\M traction con- 
stittited 15 4 » 4.8% of the cells in samples from the 21 - to 23-week ven 
tncular /.one C/i - 5; .Supplementary Figure 1 online!. Of these 
A2B5*PSA-NC.AM cells, 76.1 * (I.V'b expressed oligodendria tic 04 by 
1 week tiller FACS, whereas only 7.S t 0.3% expressed astroutic glial fib 
riliary acidic protein iCd-AP) and only 2,0 * 1.3% expressed neuronal [1- 
111 tubulin. 1 hese data support the glial lestnction and oligodendrocytiL 
bias of sorted A2B5 ' PSA NCAM cells. Because we achieved higher net 
Welds with immimoniagnetic separation of A2B5 f cells followed In 
1-ACS depletion of NCAM* cells, compared with two color FACS, we 
used this technique for progenitor isolation. 

I tomo/ygous dtihhi mice were injected inttacallosaily with fetal pro 
genitor cell isolates on either their day of birth I ft)) or on postnatal day 1 
! PI), and later killed at 4, 8, 12 or 16 weeks ol age. None of the animals 

graft acceptance IIU * The injections resulted in substantial cngraftment, 

pled --100 mm apart, in M ,,r fhe 44 neonatal mice injected for this study 
125 of 33 injected with fetal human OK., and s> of the 1 1 miected with 
adult -derived OPCs). By 12 weeks of age, the icupiertts showed donoi 
engrattment thmughou the callosttm and capsular and commissuial 



LETTERS 




Weeks afler-&ansplantfcin 



white matter, extending oiudaUy to the basis pontis (Fig. la-€). During 
this time, cell division among the engrafted progenitors, though initially 
high at 4 weeks, fell to relatively low and stable levels by 8 and 12 weeks 
(Fig. lf,g). The fraction of human donor cells that incorporated BrdU 
during the 48 h before mice were killed dropped from 42 ± 6.1% at 4 
weeks to 8.2 ± 2.4% at 12 weeks. 



Figure 2 Engrafted human OPCs myelinate an 
extensive region of the lorebrain. (a.b) MBP 
expression (green) by sorted human fetal OPCs 
implanted into homozygous shiverer mice. Large 
regions of the corpus callosum were myelinated 
by 12 weeks, a and b are two different mice, 
(c) Human OPCs migrated to and myelinated 
fibers throughout the dorsoventral extents of the 
internal capsules, resulting in widespread 
forebrain remyelination after a single perinatal 
injection, (d) MBP expression (green) in engrafted 
shiverer mouse callosum 3 months after perinatal 
xenograft was associated with human hNA* donor 
cells (red), (e) Confocal optical sections of 
implanted shiverer mouse callosum, with hNA* 
donor cells (red) surrounded by MBP (green). 
Human cells (arrows) were found within 
meshwork of MBP* fibers. Right three images, 
taken 1 urn apart, were merged to form left 
image, (f) Striatocallosal border of shiverer mouse 
brain, 3 months after perinatal engraftment with 
human fetal OPCs (blue). Donor-derived MBP 4 



Figure 1 Fetal human OPCs disperse rapidly to infiltrate the forebrain. 
(a-e) Human cells were localized by immunostaming for hNA. Low-power 
fluorescence images of coronal section of forebram(b-e) were collected at 
representative anteroposterior levels as indicated m schematic (a; ref.25) 
Engrafted cells are shown in red (b~e). (f) Immunofluorescent detection of 
BrdU (green) and hNA (red) 4 (top) and 12 (bottom) weeks after xenograft of 
human OPCs into shiverer mice. Arrows indicate mitotic human OPCs 
(BrdU'hNA*). (g) Regression plot of mitotically active donor cells as a 
function of time after perinatal implant. Rate of BrdU incorporation declined 
according to the exponential regression y = 83.4e-° n '. with correlation 
coefficient r = -0.87 {P= 0.012). Scale bar, 3 mm (b~«) or 50 urn (f). 



During this same period, many of the fetal progenitors matured into 
myelinogenic oligodendrocytes, as indicated by their expression of MBP. 
At 4 weeks, no MBP was detectable in 10 of 1 1 animals, despite widespread 
cell dispersion; scattered MBP + cells were noted in one mou.se. At 8 weeks, 
patchy foci of MBP expression were noted in four of seven mice, and by 1 2 
weeks, widespread MBP expression was noted throughout the forebrain 
white matter tracts in five of seven mice. By this time, the engrafted mice 
typically expressed MBP throughout the entire corpus callosum, as well as 
throughout the fimbria and internal capsules ( Fig. 2a-d). Because shiverer 
mice express only the first exon of the Mbp gene 2 , and hence have no 
immunodetectable MBP, any MBP detected in these recipients was neces- 
sarily donor-derived 8 . In addition, optical sectioning confirmed that the 
MBP* cells were of human origin, in that each MBP* profile was associ- 
ated with a human nuclear antigen (hNA) + soma (Fig. 2c,e-h). 

We next asked whether donor-derived myelin effectively wrapped host 
axons. We used confocal imaging and electron microscopy to assess 
axortal ensheathment and myelin compaction, respectively. Confocal 
analysis was first done on the brains of three shiverer mice that were 
implanted on PI with 100,000 fetal human OPCs each, and sacrificed at 
1 2 weeks. Foci of dense MBP expression were assessed by confocal imag- 
ing, after immunolabeling for hNA and neurofilament (NF) protein to 
detect donor-derived cells and host shiverer axons, respectively. We found 
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Figure 3 Axonal ensheathment and myelin 
compaction by engrafted human OPCs. 
(*) Confocal micrograph showing triple 
imrnunostain for MBP (red), human nuclear 
antigen IHNA; blue) and NF (green). Atl MBP 
immunostaining is derived from sorted human 
OPCs. whereas NF- axons are those of mouse 
host. Arrows indicate segments of mouse axons 
ensheathed by human oligodendrocytic MBP. 
(b) Composite of optical sections through 

weeks after fetal OPC implantation, (cf Higher 
magnification of area indicated by * in b MBP 
immunoreactivity (red) surrounds ensheathed 
axons (green) on both sides, (d) Electron 
micrographs of sagittal section through corpus 
callosum of adult shilshi homozygote. Shiverer 
axons typically have single loose wrapping of 
uncompacted myelin, such that major dense 
lines do not form, (e-h) Representative 
electron micrographs of 16-week-old 
homozygous shiverer mice implanted with 
human OPCs shortly after birth. These images 
show resident shiverer axons with densely 
compacted myelin sheaths, h, enlargement of 
area indicated by * in g. Major dense lines are 
visible between myelin lamellae, providing 
electron microscopic confirmation of 
myelination by engrafted human OPCs. Scale 
bar. 20 urn (a.b), 5 urn (c) or 1 urn (d-h); d. f, 



that the human progenitors generated myelinating oligodendrocytes in 
great numbers. Of the recipients scored, 1 1.9 ± 1.6% {mean ± s.e.m.) of 
NF* host callosal axons were surrounded by MBP immunoreactivity ( n = 
3 mice; three fields scored per animal; Fig. 3a-c). We next used electron 
microscopy to verify that host axons were fully ensheathed by donor- 
derived oligodendrocytes, and that the latter generated compact myelin. 
Because MBP is required to compact consecutive layers of myelin 
together, its expression is required for the major dense line of mature 
myelin. Myelin in MBP-deficient shiverer mice did not show more than a 
few loose wrappings and lacked major dense lines (Fig. 3d), whereas 
shilshi graft recipients showed compact myelin with major dense lines 
(Fig. 3e-h). In a sample of MBP* fields (n = 50) derived from two mice 
killed 16 weeks after perinatal implant, 7.4% of callosal axons (136 of 
1 ,832 sampled) had donor-derived myelin sheaths, as defined ultrastruc- 
turally by their major dense lines. Thus, engrafted fetal human OPCs effi- 
ciently differentiated into myelinogenic oligodendrocytes. 

Some transplanted fetal OPCs differentiated into GFAP + astrocytes as 
early as 4 weeks after implantation. In white-matter regions sampled on 
the basis of high donor-cell engraftment, 12.7 ± 4.3% of fetal donor- 
derived cells expressed astrocytic GFAP at 12 weeks, and 10.2 ± 4.4% of 
donor cells expressed MBP. No heterotopic p-III tubulin- or MAP-2- 
defined neurons of donor derivation were noted at 4, 8 or 12 weeks after 
implant (n = 33 total). Nevertheless, 40.3 ± 4.2% of donor cells expressed 
S100-(}, which is expressed by astrocytes and young oligodendrocytes, 
and nestin was expressed by 47.3 ± 4.2%, suggesting that a large propor- 
tion of donor cells persisted as glial progenitors after engraftment. Fetal 
OPCs were recruited as oligodendrocytes or astrocytes in a context- 
dependent manner, giving rise to both oligodendrocytes and fibrous 
astrocytes in the presumptive white matter, but only to GFAP* astrocytes 
in the gray matter (Fig. 2f and Supplementary Fig. 2 online). 



We next asked whether adult-derived OPCs differed from their fetal 
counterparts with respect to their dispersal, myelinogenic capacity, or 
time courses thereof. We implanted two litters of P0 shiverer mice with 
A2B5-sorted OPCs extracted from adult human subcortical white mat- 
ter. The mice were killed after 4, 8 or 12 weeks, and their brains were 
stained for hNA and either MBP or GFAP Nine of 1 1 mice were success- 
fully engrafted. The adult OPCs achieved widespread and dense MBP 
expression by 4 weeks (Fig. 4a-d); at 12 weeks, 39.5 ± 16.3% of adult 
OPCs expressed MBP. In contrast, none of the hNA + fetal donor OPCs 
expressed MBP 4 weeks after engraftment, and only 10.2 ± 4.4% did so by 
12 weeks (P < 0.001 by two- tailed f-test comparing the proportion of 
MBP + cells in fetal and adult-derived grafts; Fig.4a-c). These results indi- 
cate that engrafted adult OPCs were at least four times more likely to 
become oligodendrocytes and develop myelin than their fetal counter- 
parts. Essentially no adult OPCs became astrocytes in the recipient white 
matter ( none developed GFAP expression ), whereas 1 2.7 ± 4.3% of fetal 
OPCs did so by 12 weeks. Thus, whereas nominally oligodendrocytic 
progenitors derived from the fetal brain acted as glial progenitors, adult 
OPCs behaved in a more restricted manner, largely generating either 
myelinogenic oligodendrocytes or persistent progenitors in recipient 
white matter. The more rapid myelination by adult OPCs was reflected 
ultrastructurally, as the major dense lines of compact myelin were readily 
evident in mice 6 weeks after implantation with adult OPCs at birth 
(Fig. 4e). No such evidence of myelin compaction was noted in mice 
implanted with fetal OPCs until 12-16 weeks postnatally. 

Despite the apparent competitive advantage of adult OPCs, substan- 
tially more fetal than adult donor cells became engrafted in the recipient 
brains ( Fig. 4f) . At the midline of the corpus callosum, the region of max- 
imal engraftment, we scored 1,123 + 205.6 hNA + fetal donor cells/mm 2 . 
Of these, 1 17 ± 43.7 were MBP*, and 9.8 + 3.1% of fetal donor cells dif- 
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ferentiated into myelinating oligodendrocytes by 12 weeks. In contrast, 
only 244 ± 182. 1 donor celts/mm 2 were noted in the callosal midline of 
shiverer mice implanted with adult OPCs. Yet 81 ± 59.7, or 38.9 ± 12.9%, 
of these cells had developed into MBP* oligodendrocytes by 12 weeks 
(P < 0.001 by two-tailed t-test comparing the proportion of MBP* cells 
in fetal and adult grafts; Fig. 4g). In addition, whereas 12.7 ± 4.3% of fetal 
donor cells matured to express GFAP, no adult donor cells gave rise to 
GFAP* astrocytes, again suggesting a stronger bias toward the oligoden- 
drocytic phenotype by the adult progenitors. Thus, besides maturing 
more quickly than fetal OPCs, adult OPCs gave rise to oligodendrocytes 
in much higher proportions than their fetal counterparts. 

To assess whether adult and fetal OPCs differ in the extent to which 
they ensheath axons, we scored the numbers of axons myelinated by 
each donor OPC, as defined by confocai-verified MBP + wrapping of 
NF* axons. These absolute values were then expressed as ratios to total 
number of donor cells and to donor-derived MBP* oligodendrocytes 
per field. When assessed 12 weeks after perinatal graft, adult-derived 
OPCs ensheathed many more host axons per donor cell than their fetal 
counterparts, an effect that persisted even after we limited our analysis to 
the number of ensheathed axons per MBP* donor cell (Fig.4h). In each 
case, the difference between fetal and adult donor ensheathment effi- 
ciency was significant by Mann-Whitney analysis (P < 0.02). Thus, 
adult-derived OPCs matured to ensheath more axons per donor cell 
than their fetal counterparts. 

These results indicate that isolates of human OPCs sorted from the 
highly oligoneogenic, late second-trimester forebrain, as well as from 
adult subcortical white matter, can broadly myelinate the shiverer 
mouse brain, a genetic model of perinatal leukodystrophy. When intro- 
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Figure 4 Fetal and adult OPCs differed in speed and efficiency of 
myelinogenesis, (a) Adult-derived human hNA* OPCs (red) achieved 
dense MBP expression (green) by 4 weeks after xenograft, (b) In contrast, 
fetai OPCs expressed no detectable MBP at 4 weeks, with such 
expression not noted until 12 weeks, (c) Low-power and high-power 
(inset) coronal images of callosal-fimbrial junction of shiverer 
homozygote. showing dense myelination 12 weeks after perinatal 
engraftment with adult human OPCs. (d) Adult OPCs developed mature 
myelin ultrastructure and major dense lines within 5 weeks of perinatal 
miection. Myelin structure seen here was analogous to that of fetal OPCs 
assessed 12 weeks after implant. Mice injected with fetal OPCs showed 
no such evidence of myelination at this early time point, (e) Distribution 
of hNA* adult OPCs (red). 4 weeks after implantation into shiverer 
homozygotes. (f) Proportion of adult and fetal OPCs that developed MBP 
expression 12 weeks after transplant, (g) Engraftment of fetal and adult 
OPCs. *. P<0,05; **. P<0.005 by two-tailed Student f-test. 
(h) Numbers of MBP ensheathed NF* axons per fetal or adult donor OPC. 
measured as a function both of total donor cell number (left) and MBP+ 
donor-derived oligodendrocytes (right). *, P< 0.02 for fetal compared 
with adult OPCs. by Mann-Whitney analysis. Scale bar, 100 urn (a.b), 
1 mm (c); 30 urn (inset) or 1 urn (d). 



duced as highly enriched isolates, both fetal and adult-derived OPCs 
spread widely throughout the presumptive white matter, ensheathed 
resident mouse axons and formed antigenically and ultrastructurally 
compact myelin. Donor-derived myelinogenesis was geographically 
extensive and was observed throughout all white matter regions of the 
telencephalon. After implantation, the mitotic expansion of the cells 
slowed over time (Fig. ig), and neither undesired phenotypes nor 
parenchymal aggregates were generated. Both fetal and adult-derived 
OPCs were capable of remyelinating mouse axons, and neither gener- 
ated heterotopic neurons. We also noted some marked differences 
between fetal and adult-derived OPCs. Whereas fetal OPCs were highly 
migratory, they myelinated slowly and inefficiently, and cogenerated 
astrocytes in recipient white matter as readily as they did myelinogenic 
oligodendrocytes. In contrast, adult OPCs migrated over shorter dis- 
tances, but myelinated more rapidly and in higher proportions than did 
their fetal counterparts, with virtually no astrocytic coproduction. On 
an individual basis, each adult OPC-derived oligodendrocyte 
ensheathed and myelinated substantially more axons than did its fetal- 
derived counterparts ( Fig. 4g). 

Together, these observations suggest that isolates of human glial pro- 
genitor cells may provide effective cellular substrates for remyelinating 
the congenitatly dysmyelinated or hypomyelinated brain. In practical 
terms, the choice of stage-defined cell type may be dictated by both the 
availability of donor material and the specific biology of the disease tar- 
get. TTieir differences notwithstanding, fetal and adult-derived human 
OPC isolates were capable of achieving widespread and efficient myelina- 
tion of the dysmyelinated brain, suggesting new strategies for the treat- 
ment of the congenital leukodystrophies and myelin disorders. 
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THIRD DECLARATION OF STEVEN A, GOLDMAN UNDER 37 C.F.R. §1.132 
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Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

I, STEVEN A. GOLDMAN, pursuant to 37 C.F.R. § 1.132, declare: 

1 . I received B.A. degrees in Biology and Psychology from the University of 
Pennsylvania in 1978, a Ph.D. degree in Neurobiology from Rockefeller University in 1983, and 
an M.D. degree from Cornell University Medical College in 1984. 

2. I am a Professor and Chief of the Division of Cell and Gene Therapy of 
the Department of Neurology, University of Rochester Medical Center, Rochester, New York, 
where I am the Glenn-Zutes Chair in Biology of the Aging Brain. 

3. I am a named inventor of the above patent application. 

4. I am familiar with U.S. Patent No. 5,726,145 to Bottenstein 
("Bottenstein") and U.S. Patent No. 6,361,996 to Rao, et. al., ("Rao"). 

5. Rao et al. (Rao et al., "Glial-Restricted Precursors are Derived from 
Multipotential Neuroepithelial Stem Cells," Dev. Biol. 188:48-63 (1997), attached hereto as 
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Exhibit 1) clearly demonstrate the strong astrocytic Has of their cells, which generated few, if 
amy, oligodendrocytes, 

6. There are fundamental differences between the lineage restriction and 
potential of neonatal and adult oligodendrocyte progenitor cells (Noble et al., "The 02A (Adult) 
Progenitor Cell: A Glial Stem Cell of the Adult Central Nervous System," Seminars in Cell Biol. 
3:413-22 (1992), attached hereto as Exhibit 2; and Windrem et al., "Fetal and Adult Human 
Oligodendrocyte 1'rogenitor Cells Effectively Myelinate Dysmyelinated Brain," Nature 
Medicine (January, 2004) (in press), attached hereto as Exhibit 3, which has been accepted for 
publication (see attached Exhibit 4)). These biological differences between perinatal and adult 
progenitor cells were not recognized by Rao or Bottenstein, whose cells were restricted to 
neonatal rodent derivation, 

7. Rat oligodendrocyte progenitors are neither biologically nor 
phenotypically homologous to human oligodendrocyte progenitor cells. Specifically, rat 
oligodendrocyte progenitors and oligodendrocytes both express the antigenic marker recognized 
by monoclonal antibody 04, In contrast, this marker is expressed by human oligodendrocytes 
and their immature forms, but NOT by mitotic oligodendrocyte progenitor cells (See Armstrong 
et al., "Pre-Oligodendrocytes from Adult Human CNS," J, Neurosci. 12: 1538-47, 1992; Gogate 
et al., "Plasticity in the Adult Human Oligodendrocyte Lineage," J. Neurosci. 14:4571-87 
(1994), attached hereto as Exhibit 5; Kirschenbaum et al., "In vitro Neuronal Production and 
Differentiation by Precursor Cells Derived from the Adult Human Forebrain," Cerebral Cortex 
6: 576-89 (1994); Roy et al, "Identification, Isolation, and Promoter-Defined Separation of 
Mitotic Oligodendrocyte Progenitor Cells From the Adult Human Subcortical White Matter," J. 
Neurosci. 19: 9986-95 (1999) ("Roy, 1999"), attached hereto as Exhibit 6), As a result, human 
oligodendrocyte progenitor cells cannot be acquired through the use of 04 as a selection marker, 
and 04-defined human oligodendro glial cells cannot act as mitotically-competent progenitor 
cells. This is in sharp distinction to the rat brain, in which the use of this marker can identify 
oligodendrocyte progenitors. Neither Rao nor Bottenstein recognized the non-applicability of 
this marker to the separation of human oligodendrocyte progenitor cells. In humans, mitotic cells 
biased strongly towards the oligodendrocyte lineage are instead recognized by the antigenic 
phenotype 04 VPS A-NCAM7A2B5 f , which comprise a distinct subpopulation in which the 
CNP2 promoter is transcriptionally activated (Roy, 1999; Windrem et al., "Progenitor Cells 
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Dcrivcd from the Adult Human Subcortical White Matter Disperse and Differentiate as 
Oligodendrocytes Within Demyelinated Regions of the Rat Brain," / Neurvsci. Res. 69:966-75 
(2002), attached hereto as Exhibit 7; Nuncs et al., "Identification and Isolation of Multipotcntial 
Neural Progenitor Cells from the Subcortical White Matter of the Adult Human Brain," Nature 
Med. 9: 439-47 (2003); attached hereto as Exhibit 8). 



true and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the 
United States Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. ; / • 
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In vitro Neuronal Production and 
Differentiation by Precursor Ceils 
Derived from the Adult Human 
Forebrain 



Harry KirM/henbaum,' Maiken Ncdergaard,' Axel 
1'rrus.v' Kavch Harami.' Richard A R fraser,' and 
Steven A Goldman' 

Departments of ' Neurology and Neuro.sc ie me and 
-' Neurosurgery, Cornell University Medical College. 
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It has traditionally been held that the adult brain it 
incapable of significant self-repair, due in part to its 
inability to generate new neurons. Nevertheless, ro- 
dents and birds have been found to harbor neural pre- 
cursor cells in adulthood. We asked whether the adult 
human brain might retain such precursors, by culturing 
samples of temporal lobe under conditions permissive 
for neuronal differentiation, while exposed to ^-thy- 
midine. Adult human temporal lobe cultures, derived 
from cortex, subcortex, and periventricular subepen- 
dymal zone (SZ), were incubated for 7-28 d, stained for 
neuronal and glial antigens, and autoradiographed. 
Neuron-like cells were found in explant outgrowths 
and monolayer dissociates of SZ and periventricular 
white matter, but not cortex; they expressed neuronal 
antigens including MAP-2. MAP-5. NF, and N-CAM. and 
were GFAP". Neurons responded to K* depolarization 
with rapid and reversible increases in intracellular 
Ca**, with much greater increments than those noted 
in glia. Although most neurons were not } H-thymidine 
labeled, a small number of MAP-2 and MAP-5 /GFAP 
cells did incorporate 'H-thymidine, suggesting neuronal 
production from precursor mitosis. Rare 3 H-thymidine + 
neurons were also found in cultures of subventricular 
white matter; in these, GFAP 4 astrocytic mitogenesis 
was common, while 04* oligodendrocytes, although 
the predominant cell type, were largely postmitotic. 
Thus, the adult human forebrain harbors precursor cells 
that retain the potential for neuronal production and 
differentiation in vitro. 



Among adult mammals, forebrain neurogenesis is 
highly restricted, both spatially and phylogenetically 
(Aitman and Das. 1966; Korr, 1980; Sturrock, 1982), 
and has not previously been found in primates (Rak 
it. 1985; Eckenhoff and Rakic. 1988) In contrast, neu- 
rogenesis is widespread and robust in the adult song- 
bird telencephalon, which continues to generate 
neurons from mitotic ependymal or subependymal 
(SZ) precursor cells (Goldman and Nottebohm, 
1983). (In the adult songbird, it remains unclear 
whether the precursor cell resides in the ventricular 
ependyma or one cell below, in the subependyma. As 
a result, our use of the abbreviation SZ in this article, 
for all species discussed, encompasses both the nom- 
inally denned ependymal and subependymal layers 
(Boulder Committee, 1970)1 Like the songbirds, low- 
er vertebrates including both teleost fish (Anderson 
and Waxman, 1985) and lizards (Lopez-Garcia et al., 
1988) have been shown to exhibit persistent neuro- 
genesis in adulthood. We previously established a 
preparation by which neurogenesis could be studied 
in long-term explant cultures of the adult songbird 
forebrain (Goldman, 1990). In these explants, the 
number of neurons generated in vitro varied as an 
inverse function of the scrum level, indicating that 
serum might harbor or induce factors that are anti- 
mitogenic for SZ precursor cells (Goldman et al., 
1992b). On this basis, we postulated that the lack of 
neuronal production by non-neurogenic adult brain 
might result not from an absence of appropriate pre- 
cursors, but rather from their tonic inhibition by ei- 
ther serum-borne or hormonally stimulated, locally 
derived agents. 

Recent reports have demonstrated the presence of 
such neuronal precursor cells in cultures derived 
from adult brain. Reynolds and Weiss (1992) reported 
epidermal growth factor (EGF)-stimulated neuroge- 
nesis in cultures of the adult mouse striatum, while 
Richards et al. (1992) also described neuronal pro- 
duction in cultures of the adult mouse forebrain, un- 
der the influence of basic fibroblast growth factor 
(bFGF). Ronnett et al. (1990) observed the prolifer- 
ation of neural cells derived from megalcncephalic 
human brain; however, the transformation state and 
functional capability of these cells are unclear. Al- 
though the source of the neuronal precursors was 
not established in these reports, the characteristic 
pattern of ventricular zone neurogenesis in mam- 
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Figaro 1 Adult human temporal lobt wii obtttned from rafractory tpfaptic* during anterior temporal lobectomy. This drawing thorn t coronal taction at a level 
roughly corresponding to tha avaraga poitirior bordar of these ratactiane. Tha bordtr* of a typical inferior temporal lobe lemple ftypictlry from tha rwndominant 
hemisphere) art ouAwd at dram This include! tha tntarior ttpact of tha parahippoeampal gyrus, temporo-occipitil portion of 0m infarior timporal gym, and 
in tona caaat tha hippoctmput ittaff, al underlying tha infarior itptct of tha tampon) horn of tha lateral ventricle. From aach retortion, tissue pitcat wart 
dittactad into cortical, tuscortkal, and SZ iimpltt, tha latter including Both tha tptndymal turfaca and adjacent •ubependymel zona. 



malian embryogeny, as well as In the adult avian 
brain, suggested that neuronal precursors may reside 
In the adult mammalian fbrebrain SZ. Indeed, SZ cell* 
continue to divide In the adult mouse brain, but their 
progeny generally die within 24 hr after mitosis 
(Morshead and van der Kooy, 1992), although some 
degree of neuronal differentiation and survival may 
occur, particularly among cells destined for the olfac- 
tory bulb (Altman and Das, 1966; Kaplan and Hinds, 
1977; Corotto et al,, 1993; Luskin, 1993). In contrast, 
once removed Into explant culture, the adult murine 
SZ demonstrates both the migration and differentia- 
tion of newly generated neurons (Lois and Alvarez- 
Buylla, 1993). These results suggested the persistence 
in adults of an SZ progenitor cell population, which 
remains actively neurogenic in selected groups and 
brain regions, but which more generally becomes 
vestigial, yielding short-lived or rare progeny. On this 
basis, we postulated that the adult human fbrebrain 
might harbor such vestigial precursor cells, which re- 
tain the capacity for neurogenesis when raised in 
vitro. To test this proposition, we sought evidence 
of neurogenesis in cultures of adult human temporal 
lobe. We report here that cells derived from the SZ 
and periventricular white matter of the adult human 
forebrain can indeed generate and differentiate into 
neurons in culture. 

Aspects of this work have been reported previously 
in abstract form (Goldman et al., 1993; Kirschenbaum 
et al., 1993). 



Materials and Methods 

Tissue Samples 

Adult human temporal lobe was obtained during an- 
terior temporal lobectomy, done for the treatment of 
medically refractory epilepsy (« - 1 1 patients, 15-52 
years old: four males, and seven females). No tissues 
were obtained from tumor of any origin, because of 
the potential danger In confusing proliferating neu- 
roepithelial cells with neoplastic cells in vitro. No tis- 
sues were used that would otherwise have not been 
taken as a requirement of surgery. Tissue pieces were 
dissected into cortical, subcortical, and periventricular 
samples, the latter including the ependyma and sube- 
pendymal zone (again, Jointly denoted as SZ). The SZ 
was demarcated by ligature at resection, and dissected 
from subjacent white matter to a depth of approxi- 
mately 300 (im (Fig. 1). 

Culture Preparation 

Each tissue sample was cut into roughly 0.3 mm 5 piec- 
es, which were either cultured directly as cxpiants on 
laminin, or dissociated for single-cell monolayer cul- 
ture. Dissociate cultures were prepared by incubating 
pieces for 40 min in 0.25% trypsin, 1 mM EDTA at 
37*C, with intermittent trituration. After pelleting and 
resuspension in media, cells were plated at roughly 2 
x 10' cells/ml into either 35 mm petri dishes (0.7 ml/ 
plate) or 24-well plates (0.4 ml/well), which had been 
coated with human fibronectin (GIBCO-Bethesda Re- 
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st arch Labs; 1 rug/cm') Representative pieces were 
also cultured as cxplants, upon murine laminin (Sig- 
ma: 1 mR/cni') according to described methods (Cold- 
man et al., 1992b) 

Media 

We used a base medium that we had earlier found 
permissive for neurogenesis in adult avian explant cul- 
tures (Goldman et al., 1992), modified in that the base 
of Dulbecco's modified Eagle's medium/Ham's F-12 
was prepared without either phenol red or glutamatc, 
and the nonessential amino acid supplement also ex- 
cluded glutamate and aspartate In cultures of disso- 
ciated avian SZ, this medium supported neurogenesis 
with as little as 0 625% fetal bovine serum (FBS) (un- 
published observation), although the present study re- 
ports only cultures raised at a scrum concentration of 
10%. Dissociated samples were pelleted and resus- 
peruled in this medium, and then plated as monolayer 
cultures. The medium was supplemented with 10% 
FBS, and diatyzeel to MW 1000 Da. Selected cultures 
were also supplemented with EOF (Collaborative Re- 
search; 20 ng/ml). All cultures were given a complete 
change of media after 6 d in vitro (DIV), with half- 
volume changes twice weekly thereafter. 

Immunocytochemistry 

Cultures were incubated for 7-28 d and fixed, and 
each was probed with antibodies directed against one 
or two neuronal antigens, which included microtu- 
bule associated protein-2 (MAP-2; Bernhardt and Ma- 
tus, 1985), neurofilament (NF; Bignami et al., 1980), 
N-CAM (Edelman, 1984), and MAP-5 (Hubcr and Matus, 
1 984) Cultures were also probed with antibodies di- 
rected against a variety of astrocytic (glial fibrillary 
acidic protein, GFAP), oligodendrocyte (Ol, 04), pro- 
oligodendrocytic (A2B5 and G n „ as well as 04), and 
microglial (CD68) antigens, to differentiate among glia 
(Keliy et al , 1988; Vaysse and Goldman, 1990). 

Neurons were defined as those cells with typical 
multipolar morphology and immunoreactiviry for N- 
CAM, MAP 2, NF, or MAP-5, but not GFAP We used the 
following antibodies for neuronal identification in this 
study: mouse anti-N-CAM lgG (1:25; Sigma, clone 
OBI 1): rabbit anti-ncuronlament serum (1:100; Dr. D. 
Dahl); rabbit anti-MAP-2 (1 100; Dr. 1. Fisher) (Fisher 
et al., 1987); mouse anti-MAP-5 (1:100; Sigma, clone 
AA6). The protocol used for detecting each of these 
antigens was as previously described for MAP-2 (Gold- 
man. 1 990), with secondary antibodies appropriate to 
the species and idiotype of each primary antibody. 

Glial cell types were characterized on the basis of 
previously defined criteria (Cameron and Rakic, 1991). 
Oligodendrocytes were defined as immunorcactivc tor 
the 04 antigen (Bansal et al., 1989), whether GFAP* 
or GFAP". Astrocytes were identified by their expres- 
sion of GFAP, except for those that coexpressed GFAP 
and 04, which were classified as oligodendrocytic Mi- 
croglia were characterized by the CD68 antigen (Kelly 
et al., 1988), and pre -GFAP and/or 04 glia as either 
A2B5 (Eisenbanh et al., 1979) or G„, immunoreactive 
(Goldman et al., 1984). To identify these glial types. 



we used the following antibodies: mouse monoclonal 
antibodies 04 and Ol IgM (1:50; Dr. R. Bansal), mouse 
anti-G u , lgG (1:25; clone R24, Dr. J. Goldman), mouse 
A2B5 IgM (114; Dr K. Fields). anti-GFAP IgG (1100; 
Sigma, clone GA5), and mouse ami-mlcrogllal CD68 
IgG (1:100; Dako. clone EBM11). The protocols used 
for each of these probes were also as previously de- 
scribed (Kelly et al., 1988; Vaysse and Goldman, 1990; 
Bansal et al., 1989). All surface antigens (04, Ol, G„„ 
A2B5, CD68) were probed on live cells, which were 
fixed after antibody exposure for 10 min with cold, 
2% paraformaldehyde. Skeletal antigens were probed 
in 4% paraformaldehyde-fixed, saponin-permeabilized 
cultures. All antigens were then detected using fluo- 
rescent secondary antibodies at 1:50-100. 

We verified the immunoreactiviry and optimal titer 
of each antibody in a series of embryonic rat forebrain 
cultures (data not shown). A separate set of control 
cultures prepared to assess nonspecific immunostain- 
ing, were exposed to either mouse IgG (10 mg/ml; 
Sigma), mouse anti-agrin IgG (1: 100; Dr. E. Godfrey), or 
normal rabbit serum (1.100; GIBCO), followed by ap- 
propriate secondary antibodies. None of these con- 
trols displayed significant immunostaining. 

'H-TTbymidine Labeling 

The uptake of 'H-thymidine by antigcnlcally defined 
neurons was used as an index of antecedent precursor 
cell mitosis in vitro. 'H-thymidlne (0.2 (iCi/plate, from 
1 mCi/ml stock; 5 Ci/mM, Amersham) was added 6 hr 
after culture preparation, so that S-phase initiation of 
labeled cells would have occurred in vitro. Cultures 
were exposed to 'H-thymidine during their first 6 DIV, 
after which a complete medium exchange removed 
residual isotope. As noted, all cultures were fixed 7- 
28 d after establishment, and then immunostained and 
autoradiographed. Autoradiography wa performed as 
previously described (Goldman, 1990; Goldman et al., 
1992b), after which the percentage of »H-thymidine + 
neurons in each culture was calculated, and used as 
an index of in vitro neurogenesis. 'H-thymidine-la- 
beled cells were defined as having 2:10 silver grains 
over their nuclei (background averaged <1 grain/10 2 
(AmO Labeled cells were presumed to have been in S- 
phase at the time of 'H-thymidine exposure, and to 
have arisen by the in vitro mitosis of parental progen- 



Catcium Imaging 

Cells were challenged with a depolarizing stimulus of 
60 m.M K*, during which their cytosolic calcium levels 
were observed. To this end, cultures were loaded with 
10 h„m fluo-3 acetomethoxyester (fluo-3 AM; Molecular 
Probes) for 1 hr at 37°C. A Bio-Rad MRC600 confocal 
scanning microscope, coupled to Olympus IMT-2 in- 
verted microscope, was used to image the fluo-3 sig- 
nal. Excitation was provided by the 488 run line of a 
25 mW argon laser, filtered to £0.1% by neutral den- 
sity filters. Emission was long-pass filtered (515 run) 
and detected with the confocal set to its maximal ap- 
erture (7 mm). Images were acquired every 1-5 sec 
and recorded on a Panasonic TQ-2028F optical disk 
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F '«"™ 1 N«uron.l differsr7tiitiofl in cultures of adult human temporal lob*. Neurons wan found in smel number* in bo* axplint outgrowth* and dissociates of 
aduft human SZ, and rarefy, subcortical white matter. A" and B display extant outgrowth! deriwd from temporal horn SZ, m which pV umZ, wurowarill* 
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tJi* po»s.bi«y that rare precursors wrth neuronal potential persist in the subcortical white matter as *«4 as the SZ. E shorn an N-CAM* eel found "nrther 
culture of^ssoc^terBporal subcortex, at II DIV. Small N-CAM* cell, like these were common in subcortical disaociate TtewS imSXS^SSti 
(H'lH-Cm- prc-oligDdendrocyres, but a sm.l number retained N-CAM expression, failed to develop oligodendfocvtic antigenicL and IISSIUSSS ' 
morpholojyend anfigenicrty. /-show, two such N-CAM* cells, found in a subcortical dissociate after 18 DIV. 6 shows phase 7ml fluorweert l\ZnJZ M? 
neuron, found m an SZ dissoost* after 18 DIV, while H displays two images of MAP-5* ceHs after 15 DIV Scale ben 50 Jm. 
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recorder. Relative changes in fluorescence were cal- 
culated and normalized against baseline fluorescence 
by AW (Connor et al., IW7),and background counts 
were subtracted from all experiments. Each experi- 
ment was carried out at 2VC in HBSS, with 60 m.M K' 
exchanged for 60 nm Na* in the potassium depolar- 
izing solution. 

Results 

Antigenic Identification 

Among the 1 1 brain samples, eight included ventri- 
culotomy and hence SZ tissue. One set of cultures 
failed technically, and one set was lost during pro- 
cessing, giving us six sets of SZ cultures. Fiber-pro- 
jecting, neuron like cells were found in both SZ ex- 
plant outgrowths and dissociates. These cells were 
typically phase bright at low power, and phase dark 
at higher magnification. Unlike cocultured astrocytes, 
these cells had no large cytoplasmic inclusions, their 
cell bodies lacked lamellopodial extensions onto the 
substrate, and they had only two or three primary pro- 
cesses, which ramified distally (Fig. 2). Representative 
examples of these neuron-like cells were found to ex- 
press MAP-2, MAF-5, N-CAM, or NF, while failing to 
stain concurrently for GFAP. Indeed, MAP-2, MAP-?, 
N-CAM, and/or NF* neuron-like ceils were each found 
in cultures taken from at least three of the six SZ- 
containing samples (Fig. 2). (Not all antigens were 
sought in plates derived from each SZ sample.) The 
antigenicity of these cells suggested that they were in 
fact phenotypic neurons. 

Subependymal Zone Derivatives 
We examined the postulate that these neurons arose 
from SZ progenitors, by assessing neuronal outgrowth 
from explants taken from the temporal SZ (a region 
that in the adult human is sparse in neurons), relative 
to that observed in temporal subcortical and cortical 
explants. Among six brains from which temporal SZ 
explants were prepared, four produced cellular out- 
growth and three displayed morphologically neuron- 
like cells migrating upon subjacent astrocytes and/or 
flat glioblasts (Fig. 2). Representative explants from 
these brains were stained for MAP-2, MAP-5, or N-CAM; 
explants from one were also subjected to physiologi- 
cal analysis (sec below). While neurons were found in 



the outgrowth from SZ explains, as well as tn SZ dis- 
sociates (Fig. 2), no similar outgrowth was observed 
from a total of over 300 explants taken from the tem- 
poral neocortex (seven tissue samples, each yielding 
24-36 explants dispersed among four to six culture 
plates) and subcortex (four samples, again yielding 
24-36 explants each). Unfortunatetymcantagful quan- 
tification of neuronal outgrowth from SZ explants was 
hindered by the variability in the amount and location 
of SZ obtained from each brain, which was dictated 
by the surgical procedure. A likely source of additional 
variability may have been the heterogeneous distri- 
bution of potential precursor cells within the SZ (Lu- 
skin, 1993). 

Subcortical Pbenotypes 

In subcortical dissociates, in contrast to subcortical ex- 
plants, rare neurons were noted in plates derived from 
two of the tissue samples, although no subcortical cul- 
ture had more than 10 (as in the SZ samples, neurons 
were characterized antigenically as either MAP-2*/ 
GFAP" , MAP-5VGFAP,", or N-CAM*; sec Fig. 2 ). Not 
surprisingly, more fiber-bearing cells were harvested 
from subcortical white matter than from SZ,as a result 
of the white matter's enrichment in 04* oligodendro- 
cytes and fibrous astrocytes. Since our subcortical cul- 
tures generally contained at least 10 s fiber-bearing 
cells/plate, when neurons were found, they 
constituted <1% of the fiber-projecting cell popula- 
tion. Far more common were fibrous astrocytes and 
oligodendrocytes, which were variably GFAPVCM" 
and GFAPV04*, respectively. Astrocytes were ubiqui- 
tous and pleomorphic (Fig. 5C-JF), but the predomi- 
nant (>80%) fiber-bearing cell of the subcortical dis- 
sociates was the 04* oligodendrocyte (Fig. 3G); the 
latter was only rarely noted in the SZ dissociates and 
explants. Both GFAP* and GFAP - examples of 04' 
cells were noted. 

Most of the cells found in these dissociate cultures 
were not fiber bearing at all, and were readily distin- 
guished from neurons. These cells typically comprised 
the majority of each culture even after 6 DP/, although 
their relative proportions varied as a function of the 
culture conditions and region sampled (data not 
shown). These cells included capillary endothelia, fiat 
GFAP" cells of uncertain phenotype, small and unde- 
veloped GFAP* astrocytes, EBM1 1/CD68* amoeboid 



Figure 3. Glial phenotypes. Glia were pleomorphic in these cultures, but remained identifiable on the basis ol their GFAP and/or 04 expression, lack of MAP-2 
and NF immunoreactivity, minimal and/or transient MAP-5 and N-CAM expression (by oligodendrocytes only), and limited calcium response to high K* Both SZ 
and cortical dissociates were composed primarily of amoeboid microglia, endothelia, flat astroblasts, and GFAP* astrocytes. In K the presenw of immature ato 
or their precursors was suggested by the presence of G„- cells; a single G M * is shown here, among other G„ fllia and microgSs, star 12 OIV. B show 
corresponding phase and fluorescent views of microglia found with rare fiber-bearing cells in an SZ culture after 7 OIV. This culture was immunostained lor 
microglial COM with monoclonal antibody EBM11. C shows an example of a mature astrocyte in an SZ culture after 27 OIV. Cultures of dissociated subcortex 
yielded GFAP' cells of a different morphology, with branching Brbors of thin fibers, likely fibrous astrocytes. 0 and f show two subcortical astrocytes stained tor 
GFAP, at 16 DIV; these cells were of strikingly "neuron-like" morphology. Some (e.g., E, inset incorporated >H-thymidine, and were presumably generated m vitro, 
subcortical cultures also harbored fiber-bearing cells of oligodendrocyte lineage. F shows the many fiber-bearing cells of a subcortical dissociate at 22 DW. The 
Tiajority were GFAP - , as in F, in which only three GFAP- cells are seen among a field of smaller, process-bearing cells. Although these 6FAP- sutaortal celli 

ncluded rare MAP-2*/MAP-5* neuror- '*"■- B ~ 1 « -~* — J -«•—■--■ ■- «•• • -- - ■ - - - 

luorescence) found in a subcortical di: 

IWA2B5 /G„ 7MAP-27MAP-5-- -) , 

ligodendrocytes, or from postmitotic oligodendria! precursors. Scale bars, 50 jj.ni. 



». nniLii umy mice or«r tens die seen among a neio or smaller, process-bearing cells. Although these 6FAP- subcortical ceil 
- neurons [see Figs. 2. 4), most expressed the oligodendrocyte lineage marker 04. G shows 04- olijodendrogto (Texas red 
-rtical dissociate after 14 DIV, with admixed GFAP* astrocytes [green fluorescence). The antigenic phenotype of the 04* cells (04*/ 
'-5~**) was consistent with met of pro-oligodendrocytes (Armstrong et el, 1992). These may have arisen from dedifferentiated 
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and ramified microglia (Fig. 3£T), and rare (SIO cells/ 
plate) A2B5* and G OT * cells (Fig. 3<4). 

Neurogenesis 

Among antigenically defined neurons (MAP-2*, MAP- 
5*, iN-CAM*, or NF*), autoradiography revealed 'H-thy- 
midine* cells in samples derived from three brains, 
indicating the origin of these cells from precursor mi- 
tosis in vitro (Fig. 4). Examples of 'H-thymidine* cells 
expressing each of these neuronal antigens were 
found. However, the overall yield of 'H-thymidine* 
neurons was low: in one representative sample of dis- 
sociated SZ, of 2 x 10' cells plated into each of three 
petri dishes, a total of <500 fiber-bearing cells 
(<0.259t of the initial cell sample) were found in the 
three plates after 14 DTV. The vast majority of the ini- 
tial cell sample had died, and as noted above, the sur- 
vivors included a mixture of flat uncharacterized cells, 
small stellate astrocytes, capillary endothelial cells, and 
microglia. Among the SZ-derived, fiber-bearing cells of 
neuron-like morphology, 393 were actually GFAP*, 
while 56 were MAP-2*. Of the 393 GFAP* cells, 79 
(20%) were 'H-thymidine*, while of the 56 antigeni- 
cally verified neurons, only six (1 1%) had incorporated 
'H-thymidine* in vitro. 

Gliogenesis 

'H-thymidine-incorporating GFAP* astrocytes were 
frequently noted in cultures of all three sampled 
regions, including SZ, subcortex, and cortex (e.g., Fig. 



3E). Similarly, 'H-thymJdlne* microglia were frequently 
noted (dan not shown). In contrast, two mitotically 
distinct classes of 04* cells were noted. The first was 
characterized by relatively ovoid, 8-10 um cell bodies 
that projected a variable number (two to nine) of rel- 
atively thin, short fibers, which frequently branched 
within <100 fim of the soma. These cells were in- 
tensely 04*. and variably GFAP* (Fig. 3G). These 04 */ 
GFAP* cells were mitotically quiescent; among a sam- 
ple of 8044 such cells, culled from four plates of 
subcortical white matter (2011 ± 858.6 04* cells/ 
plate, mean ± SD), none incorporated 'H-thymidine 
in vitro, despite the frequent observation of 'H-thy- 
midine- labeled astrocytes in the same plates. These 
cells likely correspond to the pro-oligodendrocytes 
previously characterized by Armstrong et al. (1992). In 
contrast, a second, comparatively uncommon category 
of 04* cells was characterized by a larger (15-25 ujd), 
flatter, and more substrate-apposed soma; each cell 
projected several relatively thick, long and tapering, 
unbranched processes. These cells constituted < 1 % of 
the 04* population, and frequently incorporated 5 H- 
thymidine. The ontogeny and fate of these 04VH- 
thymidine* cells are now being evaluated separately 
(Kirschenbaum and Goldman, unpublished observa- 
tion). 

Cett-Specific Calcium Responses 
To assess the functional capability of observed neu- 
rons, 24 cultures were loaded with the calcium-sensi- 
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live dye fluo3, and rx|n»«l to oO nm K ' during con- 
local microsc opy. to detect de polarization induced 
(.a" increments (Fig 5) Of these cultures, five- were 
derived from SZ explains, and the remainder from ci- 
ther subcortical (« = IS) or conical cultures in - 4). 
Glial responses to 60 mM K* were minimal, of a 
pooled sample of subcortical and cortical glia (select- 
ed for fiber bearing astrocytes and pro oligodendro- 
cytes), an average increment of 25 ± 3 5% (mean ± 
SE, n - 83) was noted in cytosolic calcium following 
K* stimulation. In contrast, neurons displayed a rapid 
and reversible four fold elevation in cytosolic calc ium 
signal in response to K* (402 t 1070%, n = 5,/> < 
0 (KH)1), consistent with the exjx-ctcd activity of neu- 
ronal voltage-gated calcium channels (Connor ct al., 
1987; Hockberger et al.. 1987). 

Discussion 

The present results suggest that the adult human fore- 
brain harbors precursor cells that retain the potential 
for neuronal production and differentiation in vitru. 
These cells appear to reside predominantly in the SZ, 
and in this study were found in samples derived from 
the ventrolateral aspect of the anterior temporal horn 
of the lateral ventricle. The adjacent subventricular 
white matter was found to harbor glial precursors, in 
that 'H-thymidine* examples of both GFAPV04- and 
GFAPV04* cells were identified, as welt as a distinct 
population of postmitotic, 04*/GFAP~ fibrous cells 
similar to those described as pro-oligodendrocytes 
(Armstrong et al.. 1992). 

limitations of Antigenic Analysis 

Any antigenic determination of phenotype among 
brain cells is limited by the lack of absolute cell type 
specificity of currently identified neuroectodermal an- 
tigens. In particular, several antigenic markers previ- 
ously considered prototypic of neuronal phenotype 
are actually expressed in developmentally restricted 
time windows by glia as well as neurons. Thus, where- 
as MAP-2 and MAP-5 are typically characterized as neu- 
ronal proteins (Hubcr and Mains, 1984, Bernhardt and 
Matus, 1985), reactive white matter astrocytes have 
been shown to express MAP-2 transiently (Geisert et 
al., 1990), while MAP-5 can be expressed by 04' pro- 
oligodendrocytes in culture (Vouyiouklis and Brophy, 
1993). [In this regard, we found that MAP 5 expression 
by 04* pro-oligodendrocytes, although generally pres- 
ent, was far less than, and readily distinguished from, 
that demonstrated by MAP-5 V04 cells in human SZ 
and subcortical cultures; similarly, oligodendrocytic 
MAP-5 irnmunoreactivity was far less than that dis- 
played by cocultured neurons in rat forebrain control 
cultures (data not shown).] Like MAP-5, N-CAM is ex- 
pressed by early oligodendrocytes as well as by neu- 
rons (Bhat and Silberberg, 1986), and neurofilament 
may also be transiently expressed by astrocytes in cul- 
ture (Galileo and Linser, 1992). Thus, no one of these 
markers is alone sufficient to define neuronal pheno- 
type. As a result, we used a panel of neuron-selective 
antigens for neuronal identification in these cultures. 
Although individual cultures were typically probed 



with only one or two antibodies, matched cultures 
were probed for alternative neuronal antigens; most 
plates were probed concurrently with anti-GFAP, or in 
some cases 04. We required concurrent demonstra- 
tion of positive neuronal antigenicity and negative 
glial staining for defining neuronal identity In addition, 
in selected cultures of both explanted SZ and disso- 
ciated subventricular white matter, we obtained anti- 
gen-independent verification of neuronal presence 
and function, by assessing the cytosolic calcium re- 
sponses to depolarizing stimuli of individual fiber- 
bearing cells. 

Physiological Characterization 

Although K* -induced calcium responses have been 
described among cortical astrocytes in culture 
(MacVicar ct al., 1991; Fatatis and Russell, 1992), de- 
polarization-induced calcium increments in glia have 
been of lesser magnitude than those noted in neurons 
under analogous conditions (Connor et al., 1987; 
Hockberger et al., 1987). Indeed, only under condi- 
tions of cAMP stimulation, using cultures of confluent 
astrocytes raised over a month in vitro, have astro- 
cytes been reported to display significant K*-evokcd 
Ca J * increments (MacVicar et al., 1991). In that same 
study, astrocytes raised under conditions more analo- 
gous to those of our present study; that is, subcon- 
fluent cells maintained for shorter periods of time in 
vitro, and not exposed to exogenous cAMP, displayed 
only minor elevations, and often decrements, in K*- 
evoked cytosolic Ca J *. Nevertheless, no previous study 
of which we are aware has directly compared the de- 
polarization-induced Ca i+ responses of astrocytes, oli- 
godendrocytes, and neurons in single cultures. 

In order to control for the possibility of some cul- 
tured astrocytes displaying neuron-like Ca z * responses, 
we exposed mixed neuronal and glial cultures of em- 
bryonic (El 6) rat forebrain, after 18 DiV, to 60 mM K* 
and correlated their Ca J * responses with post hoc im- 
munocytochemistry for either MAP-2 or GFAP (Nedcr- 
gaard and Goldman, unpublished observation). These 
cells were raised under the same conditions as their 
adult human brain counterparts. We found that a sam- 
ple of 86 antigenically verified MAP-2* neurons, ran- 
domly sampled from five cultures, exhibited a mean 
Ca^* increment of 267 ± 106% (mean i SD). In con- 
trast^ cocultured population of 126 GFAP* astrocytes 
displayed a mean Ca J+ elevation of 0.8 ± 17% (the 
low mean increment reflected the many astrocytes 
whose Ca J * levels fell, by as much as 50%, in response 
to K*). The response ranges of these two rat brain cell 
types were nonoverlapping, and the difference be- 
tween them significant to p < 0.001. These data sug- 
gest the validity of the physiological criteria used for 
cell-type identification in our adult human brain cul- 
tures. Nonetheless, the response characteristics of 
adult cells may differ from their embryonic counter- 
parts. Thus, even though the K" -induced Ca i * re- 
sponses of cells such as that displayed in Figure 5 are 
consistent with neuronal phenotype, single-cell re- 
cording will be needed to establish whether these 
cells meet a more stringent criterion of neuronal func- 
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tion, that of firing repetitive action potentials (Gold- 
man and Ncdergaard, 1992). 

Source oftbe Neuronal Precursor Cells 
At least some of the neuronal precursor cells reside 
within the SZ of the temporal horn of the lateral ven- 
tricle. These cells may represent vestiges of the em- 
bryonic SZ neuroepithclium, which retain the capac- 
ity for neuronal differentiation, and to some extent 



mitotic neurogenesis, when removed into tissue cul- 

More difficult to explain were the rare neurons 
found in subcortical dissociates. These were so infre- 
quent as to be of unclear significance; most likely, they 
derived from SZ inadvertently admitted into the sub- 
cortical sample during dissection. Alternatively, these 
neurons arose from ependymal/subependymal rests ly- 
ing ectopically in the subventricular white matter 
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(Uirrochc, 1977). Similarly, since the surgical samples 
taken often included the parahippocampal and hip- 
pocampal gyri, these may have been included inad- 
vertently in the subcortical dissections In particular, 
any admixed hippocampal tissue would include the 
fascia dentata, whose granule neurons have been 
shown to undergo persistent turnover in adult rodents 
(Altman and Das, 1966; Kaplan and Hinds. 1977). Thus, 
some or all of the H thymidine* neurons found in the 
subcortical dissociates may have derived from mitotic 
dentate neuroblasts, rather than from contaminating 
SZ. 

The observed neurons, both of our SZ and subcor- 
tical samples, might also have derived from clusters of 
granule neurons that lie cctopicalry in the basal fore- 
brain subcortex. These cells, designated islands of Cal- 
leja, have been described across mammalian genera, 
including humans, and have been typically associated 
with subcortical olfactory pathways (Meyer et al., 
1989). Interestingly, two studies have recently report- 
ed a population of newly generated neurons in the 
postnatal rodent basal forebrain, which migrates along 
a spatially restricted pathway to the olfactory bulb 
(Corotto et al., 1993; Luskin, 1993). It is possible that 
the seemingly ectopic aggregations of granule neu- 
rons in the adult human forebrain are homologous to 
this novel population of rodent forebrain neurons, and 
that our subcortical dissections may have included 
neuronal precursors lying within this pathway. Finally, 
the subcortical^- derived neurons might be the prog- 
eny of oligodendrocyte precursors resident within 
the white matter, which might retain the potential to 
generate neurons; such a bipotential neuronal-oligo- 
dendrocyte precursor has already been described in 
the embryonic rodent brain (Williams et al., 1991; Ves- 
covi et al., 1993), although no counterpart has yet 
been identified in adulthood. 

Whatever their geographic and cellular sources, 
most of the neurons identified in these cultures were 
unlabeled by 'H-thymidine These cells may have de- 
rived from the neuronal differentiation of precursors 
rendered postmitotic by the culture conditions. Alter- 
nately, if the neurons identified in these cultures had 
simply represented resident neurons that had survived 
dissociation or explantation and regenerated neurites 
in l itro, then one might suppose that the neocortical 
cultures, which harbored by far the greatest number, 
density, and variety of neuronal phenotypes, would 
have yielded the most neurons. To the contrary, how- 
ever, amigenically defined neurons were absent in our 
conical explant outgrowths, which typically yielded 
only astrocytes and microglia, and rare 04* oligoden- 
drocytes Instead, the neurons identified in these cul 
tures were limited to SZ and some periventricular 
white matter samples, precisely those regions in 
which neurons are sc arce in vivo. 

In our similar prior study of adult avian brain cul 
tures raised in high-sc rum (Goldman. 1990), only those 
explains derived from neurogenic regions of the SZ 
displayed neuronal outgrowth, while striatal parenchy- 
mal explants failed to do so. Furthermore, prelabcling 
the mitotic precursor population with *H -thymidine 



in vivo revealed that most, if not all, of the neurons 
in these outgrowths were newly generated. Similar 
findings were obtained in explant cultures of the adult 
mouse (Lois and Alvarez-Buylla, 1993) and rat brains 
(Goldman and Kirschenbaum, 1994). In these rodent 
preparations, neuronal outgrowth was limited to ex- 
plants derived from the SZ, and the emigrating neu- 
rons could be prelabeled with 'H-thymidinc given in 
vivo, prior to sacrifice. Thus, in both the adult song- 
bird and rodent preparations, explant cultures select- 
ed precisely for those newly generated, migratory neu- 
rons that had just arisen from mitotic precursors. 

Our present study was limited by our Inability to 
p relabel the mitotic ceils of the adult human brain 
prior to tissue resection and culture. Nonetheless, on 
the basis of (1) these parallel studies in other species, 
(2) the restriction of adult human neuronal outgrowth 
in the present study to SZ and peri-SZ subcortical ex- 
plants, (3) the complete absence of neuronal out- 
growth from the human cortical explants that we pre- 
pared, and (4) the occasional neurons found in human 
SZ and subcortical cultures exposed to 'H-thymidinc 
tn vitro, it is likely that the 'H-thymidine neurons of 
these cultures were not just resident neurons that sur- 
vived ex vivo. Rather, they appear to have derived 
from precursors that embarked upon neuronal differ- 
entiation in vitro, once removed from the tissue en- 
vironment. 

These precursors may have been mitotically com 
petent in vivo, but lacked mitotic stimulation in vitro, 
or indeed may have been actively removed from the 
cell cycle by exposure to differentiation agents in cul- 
ture. Alternatively, they may have derived from a resi- 
dent pool of undifferentiated but postmitotic precur- 
sor cells. Evidence for the latter has been described in 
cultures of the postmitotic chick tectum, in which mi- 
totically quiescent precursor cells with neuronal po- 
tential persist, and can be induced toward terminal 
neuronal differentiation by local neuronal depletion 
(Galileo et al., 1991). 

The Culture environment 

In this study, we sought to increase the likelihood of 
finding any residual neural precursors in the adult 
brain, by raising the cultures in a high-serum medium 
that would optimally support neuronal differentiation, 
rather than precursor proliferation Although prior re- 
ports have demonstrated that both EGF and bFGF may 
stimulate the division and proliferation of neural pre- 
cursors in culture (Gensburger et al., 1987; Reynolds 
and Weiss, 1992; Richards et al., 1992; Kilpatrick and 
BarUett, 1993; Ray et al., 1993), neuronal mitogenesis 
in these preparations appeared to require either me- 
dia containing little or no serum (Reynolds and Weiss, 
1992), or media supplemented with mitogen (bFGF; 
Richards et al., 1992). In contrast, neuronal differenti- 
ation from adult-derived precursor cells has been 
most robust in cultures raised at relatively high serum 
levels, in the absence of exogenous mitogenic agents, 
in both rodent (Lois and Alvarez-Buylla, 1993) and avi- 
an (Goldman, 1990) preparations Indeed, when the 
effect of serum concentration upon adult neuronal mi- 
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chiding fish (Anderson and Waxman, 1985), lizards 
(Font ct al., 1991) and birds (Cheng and Zuo, 1993). 
thf primate's apparent lack of such restorative neu- 
rogenesis is puzzling (Gokiimn-Rakic, 1980). In tiiv,, 
the precursor t ells may lack either mitotic stimulation 
or postmitotic signals permitting neuronal differenti- 
ation or survival Alternatively, these precursors may 
be tonically inhibited from generating neurons after 
embryogeny; their ability to generate neurons in vitro 
but not in t>iiH> may reflect the suppressive effect on 
neurogenesis of local, tissue-derived factors The iden- 
tity of these agents in the mammalian brain remains 
problematic. In the adult avian brain, the tonic inhi 
bition of neurogenesis by non-cstrogenic ovarian influ- 
ences (Hidalgo and Goldman, 1993) has opened the 
possibility that gonadally derived peptides, such as 
members of the inhibin-p family, might be operative 
in the restriction of neurogenesis in the adult avian 
forebrain. Indeed, the close structural homology of 
ovarian inhibin-0 to transforming growth factor 0 
(TGF-P) might suggest a more general roie for the lat- 
ter in the regulation of neurogenesis in adulthood; 
among olfactory precursor cells, for example, TGF-P 
has already been shown to potentiate neuroblastic dc 
parture from the cell cycle and terminal neuronal dif- 
ferentiation (Mahanthappa and Schwaning, 1993). 

TeleoIogicaJly, it is a reasonable assumption that the 
nonpermissiveness of the adult brain toward compen- 
satory neurogenesis has adaptive value, particularly in 
light of the progressive restriction in the temporal and 
geographic extents of adult neurogenesis as one pro- 
gresses in phylogcny (Rakic and Kornack, 1993) 
Nonetheless, whatever the basis for this phylogcnetic 
restriction in adult neurogenesis, our data suggest that 
it does not stem from a lack of appropriate progenitor 
cells Rather, once removed from the milieu of adult 
brain parenchyma, residual precursor cells can resume 
the production of antigenically and physiologically 
characteristic neuronal progeny. 
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The bHLH Transcription Factors OLIG2 and OLIG1 
Couple Neuronal and Glial Subtype Specification 
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OLIGl and OI.IG2 .lie ha.sic-helix loop-helix (bHLH) 
u anvcription factors express**! in the pMN domain of the 
spinal c ord, which sequentially generates motoneu- 
rons and oligodendrocytes In Ohg1/2 double- mutant 
mice, motoneurons arr largely eliminated, and oligo- 
dendrocyte differentiation us abolished. Lineage trac- 
ing data suggest that Oligl ■ 2 ' pMN progenitors in- 
stead generate V2 intemeurons and then astrocytes. 
This appoiitnt conversion likely teflects independent 
roles foi OLIG1/2 in specifying motoneuron and oligo- 
dendrocyte tales. Olig genes therefore couple neu- 
ronal and glial subtype spec ification, unlike proneural 
bHLH factors that control the neuron versus glia deci- 
sion Our results suggest that in the spinal cord, Olig 
and proneural genes comprise a combinatorial code 
for the specification of neurons, astrocytes, and oligo- 
dendrocytes, the three fundamental cell types of the 
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Xiyodendioryles. • his basic mad comprises many nun 
Irf-ds or even thousands of distinct neuronal subtypes, 
■i addition to subtypes of astroglia and perhaps of oligo- 
lerxlroglia as well (Rati, 1989; Woodruff et a I., 2001). 
be molecular mechanisms by which these diverse neu 
al cell types are property generated in space and time 
re incompletely understood. In recent years, a great 
eal has been l< ained about the tiariscuplional control 
t the neuron- glial fate decision (Tomiia et at., 2000; 
ieto et al„ 2001; reviewed in Verier, 2001) and about 
>e control of neuron subtype specification (Briscoe et 
., 2000; Jessell, 2000). Rattier less is known, however, 
■oul If it tiansciiptional control ol glial subtype deter- 
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eiged as determinants ol neuron versus glial fate 
ermination and of neuron subtype specification: the 
ac helix loop helix (bHLH) factors (Vetter, 2001) and 
ntodomain (HD) factors (Jessell, 2000), respectively, 
-ertc-brates, bHLH factors homologous to the Cro- 
at genes, such as the Neutogenms 
(Ngnsj (Gradwohl et al., 1996; Ma et al., 1996; McCor- 
mick et al., 1996) and Mash 1 (Johnson et al., 1990), 
promote neuronal differential ion at the expense of the 
glial fate fiomrta et al., 2000; Nieto et al., 2001; Sun et 
al., 2001b). In the spinal cord, a combinatorial code of 
HD transcription factors specifies the regional identity 



of progenitor domains along the dorso- ventral axis 
(Briscoe et al., 2000; Jessell, 2000). Motoneurons are 
generated from the pMN domain, white VO, VI, V2, and 
V3 intemeuioris are generated from the pO, p1, p2, and 
p3 domains, respectively (Briscoe et al., 2000; Jessell, 
2000). This discontinuous patterning arises from mutu- 
ally repressive interactions between Ihe HD factors that 
specify adjacent progenitor domains (Briscoe et at., 
2000; Muhr et at., 2001). 

Recently, we and others identified a subclass ol neural 
bHI H (actors, called Olig genes (lu et al., 2000; Take- 
bayashi e1 al., 2000; Zhou et at., 2000). In the mouse, 
there ait two Olig genes that are specrfically expressed 
in oligodendrocyte piecursors, called Oligl and 2 (l u et 
al., 2000; Zhou et al., 2000), while in the chick a single 
gene orlhologous to Otig2 has been identified (M17U- 
guchi et at., 2001; Zhou et al., 2001). In the spiral cord, 
oligodendrocyte precursors emerge from a highly re- 
stricted domain of the ventral ventricular zone (Miller, 
1996; Richardson et al., 2000). This region is precisely 
demarcated by expression of Oligl and Olig2 (Lu et al., 
2000; Zhou et al., 2000). Olig2 is sufficient to cause 
ectopic differentiation of oligodendrocytes in the chick 
spinal cord when misexpressed together with the HD 
factor Nkx2.2 (Sun el al., 2001a; Zhouet al., 2001), while 
Olig I promotes oligodendrocyte differentiation in rodent 
codex (Lu et al., 2001). 

Prior to oligodendrogliogenesis, the domain of Ohg2 
expression corresponds to the pMN domain, from which 
motoneurons are generated (Takebayashi et al., 2000; 
Mi7uguchi et al., 2001; Novilch et al., 2001). Cam-of- 
function experiments suggest that Ol IG2 plays a deter- 
minative role in patterning the pMN domain and also 
initiates motoneuron differentiation and cell cycle arrest, 
in pari by promoting expression of Ngn2 (Mi?uguchi et 
al., 2001; Novitch et al., 2001). These data suggest that 
OLIG? sequentially controls both motoneuron and oligo- 
dendrocyte fate determination. Interestingly, the bHLH 
factor appears to function in bolh cases as a transcrip- 
tional repressor (Novitch et al., 2001; Zhou et al., 2001). 

To rigorously assess the requirement for Olig genes 
in motoneuron and oligodendrocyte differentiation, we 
have generated double-homozygous mice lacking both 
Oligl and Olig2. In Ohgl/2 double mutants, presumptive 
motoneuron precursors are transformed into V2 in- 
temeuron precursors, and oligodendrocytes are lost 
throughout the brain and spinal cord. Surprisingly, many 
0lig2 expressing oligodendrocyte precursors are trans- 
formed into astrocytes. Thus, in the absence of Oligl/2 
function, the sequential production of motoneurons and 
oligodendrocytes is converted into the sequential pro- 
duction of intemeurons and astrocytes. These data sua- 
gest that Olig genes couple neuronal and glial subtype 



Generation of Oligl and Olig2 Double- Mutant Mice 
The coexpression of Oligl and 0hg2 in vivo (Zhou et al., 
2000) r;< sed the possibility that deletion of either of 



itse oki its alone might I* compensated by the tunc 
on ol ttie other. In order to circumvent ttus problem, 
re decided lo generate an Ohgl and Olig2 double mo 
jnt Tim mouse dry J and CWig? genes. are liyhtly linked 
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CS cells. The Ottg? coding region was unplaced by 8 
taiyctirig cassette comptj'-c-d ot u historic (.'>( (' (Mil l J ) 
fusion (Kanda et al., 1 998) and f'GK neomycin (r igures 
1A arid IB), while the Oligl coding region was replaced 

1 D and 1E). 

Using a Ci«/>ox mediated analytic strategy (see f x 
perimental Procedures), two I S clones were identified 
in which the Oligl and 0/ip2 tarn, led loci lay in crs 
(Figure 1H). Sisler cells from these clones, unmodified 
byCie recomhinase, weieinjer led into blastix ysts. and 
the taigeted alleles were transmitted through the germ 
line (figures 1C and 1f). Oo.ibleli.rl.ro/yyous mice 
were born at the expected Mendi-lian frequency and 
weic viable and lorlile. However, no live births of homo 
zygous mice were observed, and starting liom f 18.6. 
the homozygous embryos appears smaller than then 

We inilially examined tin 1 putter n oi Gf P and I acZ 
expression in heterozygous Oligl" OltqT' embryos 
between C.9.5 arid L16.5. At t9.fi, Of P was strongly 
expressed in a ventral domain of the spinal cord that 
corresponds to pMN (Figure 11), similar to the pattern 
of endogenous Ohg2 expression (Figure 1 J; also see 
lakehayashi et al., 2000). In contrast, only a tew cells 
were observed to be- weakly lacZ positive at this stage 
(Figure 1N), in agreement with the relatively wrak ex 
pression of endogenous Ohgl during the period of neu- 
rogenesis (Figure 10). At f 16.0, when OligP cxpi.-5 f.ion 
is restricted to oligodendrocyte precursors (Lu et al., 
2000; Zhou et al.. 2000), ntarty all Ot IG2- positive cells 
were also GFP-posrtive (Figures 1K- 1M, ariows). In ad- 
dition, GFP color alaed extensively with the Oligl 
knockin marker tau-lacZ (Figures 1P-1R, ariows), con- 
sistent with the coexpref.r,.on of endogenous Oligl and 

2 in oligodendrocyte precursors (Zhou et al., 2000). Thus, 
in heterozygous Oligl" Ohg2" mice, the expression 
of GFP and tau-lacZ faithfully recapitulates the pattern 
of endogenous Olig2 and Oligl expulsion m fells of 
both the motoneuron and oligodendrocyte lineages. 



Deletion of Olig2 and Oligl Results in Loss 
of Motoneurons and a Concomitant Ventral 
Expansion of V2 Interneurons 

We first focused our analysis of Oligl 12 double-mutant 
embryos on the generation of several neuronal subtypes 
derived from the four ventral-most progenitor domains 
of the spinal cord: EnT VI interneurons, ChxlO" V2 
interneurons, lsll/2" and Hb9 - motoneurons, and Ngn3" 
V3 interneurons (Figures 2A-2E). Most lsll/2* , Hb9 mo- 
toneurons were lost at all axial levels of the homozygous 
mutant spinal cord at E10.5 (Figures 2H, 21, and 2K. 
white bars), while the number of such motoneurons was 
the same in heterozygote and wild-type (Figures 2C, 2D, 
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and 2K, daik and lujhl giny bars). Die lor* of motoneu- 
rons in Die (J/rj/7 ' Oliy2 ' spinal cold was not due to 
r ell rleath, as no incieased apuptosis was detected by 
Hie lUNFT assay at this stage (figures 30 and 31). 
Although very few presumptive mol or neurons (lsl1/2 ' . 
Hb9' cells) were delectable at 1 10.5 mOhgl ' Ohg2 ' 
embryos (I igures 2H and 21, anowheads), it was possible 
that a normal numtier of these neuioiisiiiighf Ixi iccoveied 
at later stages Ihromjh compensatory mechanisms. How- 
ever, at 1 1 3.6, mrrtliei somatic (Figure* ?L and ?M, mows) 
nor visceral (figures 2L and 2M, arrowheads) rnoloneu- 
rons were detected in Hit- Oligl ' Otiy? ' spinal cord 
(Figuies 2P and 2Q. arrows and arrowheads, and 21, 
white liars). More-over, no piojectmg axons were ob- 
•1 rved in the vential root (figures 20 and ?S, ariows), 
consistent with a luck ol holh classes of spinal riioto- 

In contiast to tire dramatic 
number of ChxlO ' cells, whit 
main |ust dorsal to the pMN domain, was increased by 
about 80% in the double- null mutant spinal cord at E-10.5 
(Figures ?H versus 2G; 2K, ChxlO, while bar). Further- 
more, many ChxlO' cells or copied a more ventral posi- 
tion, in territory normally occupied by motoneurons (Fig- 
ure 2G, yellow arrowhead). The increased number and 
ventral expansion of ChxlO' V2 inlemeurons were also 
apparent at £13.5 (Figures 2N, 2R, and 2T). The number 
and distribution of EM * VI interneurons and Ngn3" V3 
interneurons, by contrast, were largely unaltered in the 
mutant (I .gures 2A, 2E, 2F, 2J, and 2K). 

The preceding data suggested that in the absence ot 
Olig1/2 function, pMN progenitors might give rise to V2 
interneurons instead ol motoneurons, lo confirm this, 
we used the Ohg2 knockin market hGF P as & short 1ei m 
lineage tracer to compare the identities of the neuronal 
progeny derived from the pMN domain of heterozygous 
versus homozygous OligV2 double- mutant embryos. In 
hetero/ygotes, Olig2 hGfF derived precursors gave 
rise to teIen/2" motoneurons (Figure 3 A, yellow cells) 
but not ChxlO" V2 interneurons (Figure 3B). Ry contrast, 
in the homo7ygotes there were many GFP", ChxlO* 
cells present in ttie marginal zone laletal to 1he pMN 
domain of 1he ventricular zone (Figure 3G, yellow cells). 
At nc time did we deled any Isletl 17 ' ChxlO' phenotypi- 
cally hybrid cells (data not shown). In the immediately 
overlying p2 domain, ChxlO - GFP V2 interneurons were 
produced in both heletozygolei and homozygotc-s (Fig- 
uies 3B and 3G, while arrowheads). These data strongly 
suggest that precursor cells from the pMN domain of 
Ol ig 112 homozygous animals generate V2 interneurons 
instead of motoneurons. 

Irx3 Is Derepressed in pMN in the Absence of Olig2 
and Oligl and Respecifies pMN to p2 
The loss of motoneurons and concomitant ventral 
expansion of V2 interneurons in the double- null mutant 
could reflect a conversion of the pMN domain to a p2 
identity. Consistent with this idea, the expression of Irx3, 
a p2 domain patterning molecule (Briscoe e1 al., 2000), 
expanded into the pMN domain in Oligl ' '" Oiig2~'~ dou- 
ble mutants at E10.5 (Figures 3C and 3H, arrows). Pax6 
expression, which is high in the p2 domain but lower 
in the pMN domain (Figuies 3D, arrow, and 3E), also 
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increased in Ihe pMN domain ol Ihe null mutant, so lhat 
cells in both pMN and p2 were now expressing equally 
high levels of Pax6 (Figure 31, arrow). The observed 
venlral expansion of Irx3 is predicted by Ihe observation 
that Irx3 and OLIG2 exerl crossrepressive activities in 
gain-of-function assays (Novrtch et al.. 2001). Surpris- 
ingly, however, il did not cause a complete loss of GFP 
expression from the Olig2 locus (Figures 3P and 3R), 
perhaps because the repressive effect of Irx3 is overrid- 
den by the higher levels of Shh signaling more ventrally. 
The expression of several other venlral spinal cord pat- 
terning molecules, including Dbx2, Nkx6.1, Nkx6.2, and 
Nkx2.2 (Briscoe et al., 2000), was unchanged in Oligl/2 
double mutants (data not shown). Taken together, Ihese 
data suggest lhat in the absence of Oligl/2, pMN cells 
are converted 10 a p2 identily (Figures 3E and 3J). 



Olig2 and Oligl Regulate Neurogenin 2 
Expression in pMN 

Ectopic expression studies in chick suggested thai dele- 
lion of Olig2 and Oligl should cause a loss of Ngn2 
expression in the pMN domain (Novitch et al.. 2001). 
Consistent with this prediction, no NGN2-posrtive cells 
were delected in Ihe presumptive pMN domain of the 
Oligl"- Olig2'" mutant al E10.0 (Figure 3P), while 
prominenl NGN2 expression was evident in the GFP* 
pMN domain of the heterozygous spinal cord (Figure 
3K, yellow cells). The lack of apoptotic cells detecled 
by TUNEL labeling in the mulant spinal cord (Figures 
30 and 3T) suggests lhat Ihe loss of NGN2* cells in 
Ihe pMN domain does not reflect cell death. We also 
observed a slighl ventral expansion of MASH1 inlo pMN 
in Olig1/2 double mutants (Figures 3L versus 3Q, arrow). 
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As Mashl has recenlly been shown lo be necessary 
and sufficient tor ChxlO expression (Parras et al.. 2002), 
Ihese results may explain how V2 inlerneurons can dif- 
lerenliale Irom the mutant pMN despile the absence of 
NGN2 (Seardigli el al., 2001). 

Since NGN2 has been shown lo promote cell cycle exit 
and terminal differential ion (Farah et al., 2000; Novitch el 
al.. 2001), we reasoned that the loss of Ngn2 expression 
in pMN might cause delayed cell cycle exit by 
pMN-derived precursors as they migraled from Ihe ven- 
tricular 2one. To assess this, we measured BrdU incor- 
poration after a 2 hr pulse in vivo at E10.S. An increased 
number o( BrdU' cells was detected outside the ventric- 
ular zone in the GFP* region of the double-null mutanl 
(Figures 3M, 3N, 3R, and 3S, arrowheads). These dala 
suggesl thai pMN cells lacking 0LIG2 fail to exit Ihe 
cell cycle before migrating into the marginal zone. The 



presence of ectopic MASH1 * cells in pMN is nol incon- 
sistent with this observation, as we have recently found 
thai MASH1 promotes cell cycle arrest less efficiently 
lhan does NGN2 (Lo et al., 2002). 

Failure of Oligodendrocyte Development 
in Olig1/2 Double Mutants 

We next examined Ihe phenotypic consequences of 
Olig2 and Oligl delelion on the development of oligo- 
dendrocytes. To detect oligodendrocyte precursors. 
PDGFRo and SoxW were used as markers (Hall el al., 
1996; Zhou et al., 2000), while MBP and PLP/0M2O were 
used lo delect mature oligodendrocytes (Zhou et al., 
2001). Al no time did we detect expression of any of 
these markers in Ihe Olig1/2 double-homozygous mu- 
tant at all axial levels of spinal cord examined (Figure 
4, -/-, and data not shown) as well as in all brain 
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areas examined (Figures 5D-5F and date not shown). 
In contrast, numerous cells expressing these oligoden- 
drocyte precursor and differentiation markers were 
present in the wild-type (Figure 4, + /-+) and heterozy- 
gous (Figure 4, -1 /• ) rpirial < ord and brain (Figures 
SA-5C and data not shown). Thus, there is a total failure 
of oligodendrocyte formation in the Oligl"' Olig2~'~ 
double mutant. 

Cell counts at E16.5 revealed no decrease in the num- 
ber of PDGFBa * precursors at thoracic levels of the 
spinal cord in heterozygotes compared to wild-type 
(29? ± 17 versus 290 t 19 cells per 18 ixm section, 
respectively, mean 1 S.D., n - 6 sections from three 
embryos). Consistent with these data, in helerozygotes 
at El 6.5 and P8, MBP and PLP/DM20 expression was 
normal (Figures 4S, 41,4V, and 4W and data not shown). 
Surprisingly, however, between E18.6 and P0, there was 
significantly less expression of these mature oligoden- 
drocyte markers in the heterozygoles compared to wild- 
type (Figures 4Y, 42, 4BB, and 4CC and dala not shown). 
These data suggest thai a full dosage of Otig genes is 
required torthe progression of oligodendrocyte differen- 
tiation but not for the initiation of this process. 



Oligl Is Functionally Redundant with OtigS 
in Hindbrain Oligodendrocyte Development 

We next examined the phenotype of Oligl 12 double- 
knockout embryos in the hindbrain. As in the spinal cord, 
hindbrain somatic motoneuron differentiation did not 
occur in Olig 1/2 double mutants, as evidenced by the 
loss of lsl1/2\ Hb9" cells and of the XIP cranial somatic 
motor nerve (Figures 5G-5I versus 5J-5L, arrows). In 
contrast, visceral motoneurons, identified by cocxpres- 
sion of lsl1/2 and Phox2b (Dubreuil et at., 2000), were 
generated (Figures 5J-5L, arrowheads). These results 
are consistent with the fact that visceral motoneurons 
in the hindbrain derive from the p3 domain (Briscoe at 
al„ 1999), which does not express either Oligl or Olig2 
(data not shown). 

In Olig2~" single mutants, oligodendrocytes are 
spared in the hindbrain while they ate lost throughout 
the spinal cord fl u et al„ 2002 [this issue of Ce/ZtJ. In 
contrast, we found that neither oligodendrocyte precur- 
sors nor mature oligodendrocytes were generated in the 
hindbrain of Oligl 12 double mutants (Figures 5D-5F), as 
was the case in all other brain areas examined (not 
shown). Taken together, these data suggest that Oligl 
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Figure S. Low of Hindbrarn Oligodendro- 
cyte* in the Null Mutant la Preceded by the 
Loss of Hindbrain Somatic But Not Visceral 
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Mndbram P-F) a* well as other brain areas 
ol the double mutants (data not ahown). 
(G and J] Whole -mount Tuj1 antibody label- 
ing of E10.6 embryos. The XII* cranial motor 
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tafltJatl/8* and HoB* eomatic mot< 
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can compensate lor the lack ol OligS in oligodendrocyte 
(but not somatic motoneuron) generation in the hind- 
brain but not in other regions ot the CNS. 

Oligodendrocyte Precursors Are Transformed 
into Astrocytes in the Absence of Olig2 and Oftgl 
The absence of oligodendrocyle precursors in 0Hg1/2 
double-mutant embryos could reflect a failure of specifi- 
cation, iheir death, or Iheir respecification into other cell 
types. To distinguish belween these possibilities, we 
first tested whether there was increased cell death in 
the Olig1-'~Olig2~'~ spinal cord from El 2 to E14, a pe- 
riod when oligodendrocyle precursors are specified in 
the ventricular zone. TUNEL labeling delected no in- 
crease in apoptolic cells in either the ventricular zone 
or elsewhere in the spinal cord during this interval (data 
not shown). Next, we used the knockin marker hGFP as 
a short-term lineage tracer to compare the fate of Olig2- 
expressing progenitors in the presence or absence of 
0/rgJ/2func1ion. 

In heterozygous embryos at El 3.5, individual GFP" 
precursors could be seen migrating away from the focus 
of Olig2 expression in the venlricular zone (Figure 6A, 
arrow and white arrowheads). By E1 6.5, only a few GFP" 
cells remained at this focus (Figure 6B, arrow), and mosl 
had migtaled into the gray mailer. By El 8.5, GFP' oligo- 
dendrocyte precursors were evenly distributed through- 
out the spinal cord, and venlricular expression was no 
longer detected (Figure 6C). The pattern of migration 
of GFP" cells in the helerozygous spinal cord closely 



resembles that revealed by antibody staining for endog- 
enous OLIG2 protein (Figures 1I-1K, anows and data 
not shown). 

In homozygous mutant embryos, Ihe distribution of 
GFP" celte was different in several respects. First, al- 
though many GFP* cells were present in the ventricular 
zone al El 3.5 (Figure 6D, arrow), Ihere was little migra- 
tion into the gray matter. Second, the ventricular focus 
of GFP expression appeared larger in homozygous than 
in helerozygous embryos (Figures 6A versus 6D, arrows). 
Cell counts indicated a similar number of GFP-express- 
ing cells in the null mutant versus helerozygous spinal 
cord at this stage (Figure 6G, E13.5), suggesting that 
0/igJ?-expressing cells may have been generated in cor- 
rect numbers in the homczygole but somehow failed to 
migrate on schedule. At E16.5 and E18.5, however, there 
was a reduction in Ihe number of GFP'' cells in Ihe 
double mulant (Figure 6G, white bars). This difference 
likely reflects reduced proliferation rather than death, 
as TUNEL labeling revealed no differences between the 
double mulant and heterozygote al these stages (data 
not shown). 

By E16.6, although ventricular expression of GFP in 
homozygous persisted (Figure 6E, arrow), GFP* celte 
could be seen migraling into the gray matter (Figure 6E, 
arrowheads). However, these cells took a more venlral 
trajectory than in heterozygoles. At E18.5, many GFP" 
cells could be detected at Ihe pial surface of Ihe ventral 
white matter in homozygotes (Figure 6F, open arrow- 
heads), a location not occupied by GFP" cells in helero- 



th* <ifcHif.-r.tows -taming pattern of Uf AP and S100() 

of UP' < ..Hi, tlwjt weie GYAP ■ « S100|r .11 vivo. 1o en 
cumvent this pioblem, we peitotn.ed double labeling 
on acutely tin ;-««' iat» d spinal < old < t Ms. liom Li 8.5 lief- 
t-ff>/yq»Mif, and fwMtif ?yqous embryos ( )vt.-r fit! 0 * of <A P ' 
<,ltem homozygous f.|>inal cord t oexpr.-ssed Gr AP 
(Figuie;. f>P, .mow, and OR, (if AP. whit*,- bar). In sharp 
.orrtrast, none of the GFP* <"<* in the hdeio/ygnus 
•pinat cord was found to he fif AP* (I tgures OM, arrow 
veisus anowliKid, and t.H, gray bars). Similarly, 44V.. to 
«/'/„ of GfP* '..its wete SlOOfT in the bomc;»ygc.te 

tlJnlO*-M oU.I P ' celts it it he heterc-ygotc wc-ifc SlOOji" 
(I iuuh s 01 , arrow, and fjH, gray bar). C.r.nyt.-rst-ly. the 

i)i>% ctf Gl P" cells in the he u.-rc/yuotre spinal <.o»d (Fig 
uies (>N, arrow, and OH, yiay bar) birt none in the homo 
zygote (Figures fiQ, anew, and bf\. white bar). The recip- 
rocal change in ttre percentage ol Gf P ' t t ils expressing 
OA versus GF AP or SlOOf in h<-terc/yuoos versus, dou- 
ble homozygous embryos (Figure 6H) sliongly suggests 
that in the absence- of CW.pT/? function, the 0%?- 
. xpte^sing cell population products* astrocytes rather 
than olioodiindiocytcs. Consistent with this conclusion, in 
cultures of neural progenitors from Ohgl/2 homozygous 
embryonic spinal cord, many Olig2-hGFP cxptessittg cells 
differentiated to astrocytes but none differentiated to 
oligodendrocytes, whti.as in cultures from Ih letc/y 
gotes, many GFP* oligodendrocytes developed (see 
Suppli.mt.nt at Figuie SI at ht1p://www.cell.corTi/cgi/ 
r.ontKnt/tull/109/1 /61/0C:1). 

the bHLH transcription factors Ot IG1 and Ot I62 aie 
sequentially r.xpter :-f-d ir. motoneuron progenitors (la 
kebayashi et al.. 2000; Mi?t.guchi el al., ''001 ; Novitch 
et al., 2001) and oligodendrocyte precursors (l.u et al., 
2000; Zhou et al., 2000). lint we sfirw that in the ab- 
sence of Oiigl and 2 function, motoneurons are con- 
verted to V2 interrieutons in the spinal cord, while oligo- 
dendrocytes fail to differentiate throughout the nervous 
system. Our results suggest that oligodendrocyte pie 

with the id. a that m Glipl/2 double mutants, Olig2- 
exptessing progenitors sequentially generate inter- 
neurons and astrocytes lather than motoneurons and 
ohgodendtocy.es. In this way, O/.c genes link the spc-cifi- 
cction of a particular neuronal subtype to that of a spe- 
cific glial subtype, independent of the decision between 

0lig2 Is fir-quired for Beth the Regional Identity 
and Differentiation of Motoneuron Pit-cursors, 
Mistxptession studies in tlie chick have suggested that 
OLIG2 plays two roles in motoneuron late determination: 
it specifies the legional identity of the pfVSN domain via 
repression of Irx3, and it piomctc-s motoneuron pic oem 
tot cell cycle exit and difleientiation, in part via local 
derepression of Ngn2 (Mizuoucht et al., 2001; Novitch 
et al., 2001). The icss-o!-func!ion data presented in this 



and I!*.- companion paper (tu et al., 200? [Ihis issue ol 
Ce-f/Tj stifcttgllten this view. Combined deletion of Ghg2 
and Oligl < auses a deiepi* sshhi t.f Iix3 in pMN and a 
loss of Nmi2 expictsiort in this domain. The selective 
less of Nun? expression in pMN is < onstttent with Ihe 
idea that this bHt H factor is controlled by distinct trans- 
acting factors in different progenitor domains (Scan)tgli 
et al„" 2001). The rmtton«uron dt-fk.it in thi» OhgU? dou- 
ble knockout is similar to that seen in embryos lacking 
Nkx6.1/E.2 (Vallstedt et al., 2001), a I romeo domain pat- 
terning molecule (Briscoe et al., 2000) that is u^quned 
for Ohg? txpre; sion (Novitch et al., 2001). The fact that 
cxpiession o1 Nkx6.1 and C.2 is unperturbed in OtigV? 
knockouts is consistent with Hie idea 11 Kit Olig genes 
function dowoKticam of Nkxh. 1/6,2 m motoneuron gen- 
etation (Novilc.h et al., 2001). 

Oltfi Genes Function Cell Autonomously 
in OlKjodendrocyle Tate Specifir ation 
The complete failure of oligodendrocyte formation in 
Ohpl/2 dtmble mutants sutipests that all oliflodendro- 
cyles rcquiie Olig genes ( -onsistent with this, oligoden- 
diocytes a.e not generated in neuiospheie cultuies de- 
rived fiom 0/ic7 ' 2 ' spinal cord (see Supplemental 
Figuie SI at http://www.ccfl.corn/cgi/con1ent/fu)l/109/ 
1/61/DC1). the fact that O/.gl/2'aie cocxpressed in oli- 
godendrocyte pn-< uisors (this study; lu el al., 2000; 
/hou et al., 2000) suggests that this defect likely reflects 
a cell autonomous requirement for these genes. An al- 
ternative explanation, however, is thai this phenotype 
is a non-cell autonomous consequence of the eariier 
loss of motoneurons, wh.ch have been hypothesized to 
send a feedback signal to the ventricular ?one to regu- 
late ttie subsequent production of oligodendrocytes 
(Hardy, 1997: discussed in Richa.dson el al., 2000). 

We think this hypothesis is unlikely, however, because 
in Ngnl ' ; Ngn2 1 double mutants, neuronal differenti- 
ation in the ventral spinal cord is largely eliminated (Scar- 
dioli et at., 2001). but oligodendrocyte precursor forma- 
tion is unaffected (our unpublished observations). 
Similarly, in Isll ' mice which lack motoneurons (Plait 
et al., 1 696), oligodendrocyte difleientiation is also unaf- 
fected (Sun et al., 1998). Finally, oligodendrocytes de- 
velop normally in the hindbrain of Olig2 single mutants 
(Lu et al.. 2002 [this issue of Ce/TR, which lack somatic 
motoneuions. Our observation that in Ohgl/2 double 
mutants, hindbiam oligodendrocytes are completely 
lust furthei indicates that the sparing of hindbiam oligo- 
dendiocyles in Olig2 ' embryos is not due to compen- 
sation of a somatic motoneuion-detived signal by vis- 
ceral motoneuions, which are spared in both Olig2 " 
and Oligl ' T' mutants. 

Role of Olig Genes in Motoneuron and 
Oligodendrocyte Tate Specification 

The inference that Ohg genes function cell autono- 
mously in oligodendrocyte development leaves open 
the question of when that function is required. Our data 
indicate thai both motoneurons and ol.godendiocyles 
are normally generated from pMN (but not ftom p2) and 
support the Tdea (Richardson et al., 1997, 2000) that 
these neurons and gits share a common precursor. Con- 
sequently, the tiomeotic like transformation of such pre- 
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cursors from a pMN to a p2 identity in Ohgl/2 homozy- 
gous embryos could result in the elimination of both cell 
types (F ipure 7A). In tt«t case, the wild-type function 
of Ohg genes in specifying both the motoneuron and 
oligodendrocyte fates might simply be repression of Irx3 
in pMN. Alternatively, the mutant phenotype could re- 
flect an independent and sequential requirement for Ohg 
genes in both early patterning of the pMN domain and 
in oligodendrocyte fate determination (Figure 7B). 

Consistent with the idea of independent functions, 
the hind bram phenotype of Olig2 • single mutants dem- 
onstrates that Ohg gene mutations can cause deficien- 



> .inly alter ting ulioodf ndro< yle development (I u <;t al., 
2002 [this issue of OH§. 1 urthermore, while mtMixpres- 
•.ion ol Ohu2 in chick is sufficient to cause ectopic re- 
pn- won of Irx3 and motoneuron induction in some re- 
gions of the r.piria! f ord (Novitch el at., 2001), it does not 
induce k topic oligodendrocyte differentiation (^hou et 
al., 2001). Thus, while repression of Itx3 by Ohg genes 
may l>e r,e< essary lor oligodendrocyte tate determina- 
tion, it may not hi •.titficient. f ormul resolution of this 
issue will require selective rescue of the early pMN 
ph.i.'.e of O/h;? wpn'iMOii in Ohg1/2 double knockouts 
•urons and oligoderv 
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< >ur hn< .-.ge-iiacing data suggest thai many Ohg2-hGf'P- 
i xpiessiny precursors fjRiieiale astrocytes instead of 
oligodendrocytes upon deletion of Oligl and Ohg2. If 
so, it would imply that spinal cord oligodendrocyte pre 
cursors have Ihe pot< rrtial to generate astrocytes, but 
thai this fale is normally repressed by Ohg genes (F igure 
/B, riytit). Astrocytes are thought to arise from multiple 
levels along the dorso ventral axis of the spinal cord 
(Prmgle et al., 1998). Thus, it is a reasonable assumption 
that the p? domain normally generates astrocytes after 
il generates V? mterneurons (Figure 7 A, left). H so, then 
the trans filling of O/ipP-expressmg progenitors to 
astiocyles in Oiig1/2 double mutants could reflect a 
conversion of progenrtors that sequentially generate 
motoneurons and oligodendrocytes to ones that pro- 
duce first V? interneuions and 0>en astrocytes (Hgure 
7 A, right, p? 1 ). 

If deletion of Olig genes causes oligodendrocyte pre- 
t u»-ors lo uencraH astrocytes, do such precursors nor- 
mally generate astrocytes following downregulalion of 
Ohg gene cxprersion in the ventricular /one? We found 
no evidence for per<.,s1ence of the OLIG? hGFP lineage 
marker into astrocytes in Olig 1/2 hetero zygotes. Simi- 
larly, using a permanent lineage tracer, Lu et al. (2002 
|this -sue of Cell]) found nc astrocytes among the prog- 
eny of Ohgl cxprf : Sing cells. These data suggest that 
Ohg exprr csing piogenitors normally produce moto- 
ueu'on* and oligodendrocytes but not astrocytes in vivo 
(Pgure 7C. O"). This idea may seem inconsistent with 
1he demonstration that single CNS progenitors can gen- 
erate neurons, astrocytes, and oligodendrocytes in cul- 
ture (reviewed in Gage, 2000; Anderson, 2001). However, 
despite extensive retroviral lineage tracing studies, 
Hieie is no clear evidence for tripotential neuron/ 
astrocyte/oligodendrocyte progenitors in vivo (Luskin et 
al., 1 988; I eber et al., 1 990). The tripotential CNS stem 
ctHs characterized in vitro may thus represent a more 
primitive progenitor than has been identified in vivo. 
Alternatively, the cell culture environment may reveal a 
combination of developmental potentials that are not 
actually used by any single progenitor in vivo. 

The Genetic Logic of Neural Cell 
Fate Determination 

bHLH prone ural genes such as the Ngns control a neu- 
ron versus glial late switch (Tomita et al., 2000; Nieto et 
al., 2001; Sun et al., 2001b; reviewed in Vetter, 2001). In 



